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Stel l ingen behorend bij het proefschrift 
Respiratory health in children born prematurely 
1. Bij kinderen vanaf 3 jaar is het mogelijk met geforceerde oscil latietechniek betrouwbaar 
longfunctieonderzoek te verrichten. (Dit proefschrift) 
2. Passief roken heeft een negatieve invloed op de longfunctie van jonge kinderen. (Dit 
proefschrift) 
3. Met behulp van geforceerde osci l latietechniek is het mogelijk op kleuterteeftijd 
onderscheid te maken tussen prematuur geboren kinderen met en zonder 
Bronchopulmonale Dysplasie. (Dit proefschrift) 
4. Een derde van te vroeg geboren jong volwassen heeft l uchtwegklachten zoals piepen of 
kortademigheid. (Dit proefschrift) 
5. Ex-prematuren hebben op de volwassen leeftijd longfunctieafwijkingen die wijzen op 
bronchusobstructie en diffusieproblematiek. ( Dit proefschrift) 
6. De afgenomen inspanningscapaciteit bij ex-prematuren is niet (uitsluitend) het gevolg 
van een verminderde longfunctie; ex-prematuren zijn ook minder getraind dan gezonde 
leeftijdsgenoten. (Dit proefschrift) 
7 .  Er ligt voor veel mensen een onneembare barriere tussen het door hen gepredikte 
verlangen gezond te willen zijn en het beeindigen van hetgeen voor hun gezondheid 
nadelig is. 
B.Het maatschappelijk draagvlak voor ontwikkelingssamenwerking kan worden versterkt 
door in de derde wereld op ruimer schaal dan tot op heden medische projecten uit te 
voeren en de donateurs (onze bevolking) goed te informeren over de opzet, de uitvoerende 
instell ing en de bereikte resultaten . 
9. Bij door de overheid nagestreefde schaalvergroting op verschillende terreinen, wordt 
aan de voordelen aan de bestuurlijke kant aanzienlijk meer waarde toegekend dan aan de 
nadelen die er het gevolg van zijn voor de bevolking. 
10. De duur van medische opleidingen leidt ertoe dat bij vraag en aanbod in deze sector de 
zogenaamde varkenscyclus geldt. 
1 1. Bij het op tal van plaatsen aanbrengen van het verkeer afremmende voorzieningen 
wordt naar het schijnt geen rekening gehouden met de vertragende werking die deze 
belemmeringen veroorzaken bij verschi l lende soorten van hulpvertening. 
1 2. Indien in de gezondheidszorg elementen van marktgericht denken worden gehanteerd, 
dient ook aandacht te worden gegeven aan bijstel ling van de openingstijden van de 
polikl inieken .  
13 .  Een winkel met een gevarieerd aanbod van damesschoenen, op  een centraal punt in 
een ziekenhuis, kan tot de ontspanning van zowel vrouwelijke patienten als bezoeksters 
bijdragen. 
14. Vrij naar Ernesto Giacomo Parodi :  De beste leermeester is de ervaring maar die 
ontbreekt wanneer je er het meest behoefte aan hebt. 
Elianne Vrijlandt, 
Groningen, 30 oktober 2006 
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1.1. Bronchopulmonary dysplasia 
Depending of gestational age and birth weight, 1 to 70 per cent of the 
premature chi ldren with infant respiratory distress syndrome (IRDS) develop 
bronchopulmonary dysplasia ( BPD).  BPD is a disease of infants characterized by 
prolonged periods of oxygen dependence and abnormal chest radiological findings. 
A variety of names, including chronic lung disease (CLD) of prematurity have been 
given to this condition .  
Northway original ly described ("classic") BPD in 1967 with cl in ical, rad iographic, and 
h istologic lung changes in preterm infants who had rElspiratory distress syndrome 
(RDS) and were treated with oxygen and ventilator therapy. 1 Northway's original 
defin ition has been modified several times. Bancalari has refined Northway's 
definition using ventilation criteria, oxygen requirement at 28 days to maintain 
arterial oxygen concentration greater than 50 mm Hg, and abnormal findings 
on chest radiography. In 1988, Shennan proposed that the additional need for 
supplemental oxygen at 36 weeks corrected age may be a more accurate ind icator 
of pulmonary outcome. This criterion decreases the large number of "healthy" 
very preterm infants.2 In 2001 the definition of BPD was further modified by Jobe 
and Bancalari with the d iagnostic criteria based on gestational age less than 32 
weeks or greater than 32 weeks gestation and the severity of BPD.3  
BPD is  currently a disease observed particu larly in preterm newborns born at < 
1000g birth weight and < 28 weeks gestational age. These infants are born in a 
physiologic state that is considerably less mature than that of infants born after 
31 weeks gestation, the population that formed the basis of "classic BPD". It is 
plausible that injuries imposed at different stages of (early) lung development can 
exhibit different pathologies. In the next paragraph human lung development will 
be discussed to place the role of injuries in the right context. 
1.2. Human Lung Development 
Although it is a continuum, human lung development can be divided into five 
stages : the embryonic, the pseudoglandulair, the canalicular, the saccular and 
the alveolar stage (see table 1 and figure 1 ) .  Infants born at 24 to 28 weeks 
are in the canalicular phase of lung development. During this phase, there is 
continued growth and differentiation of the epithel ial a irway l in ing cel ls. Active 
development of distal pulmonary circulation occurs with the appearance of lung 
capil laries. Infants born at 30 to 36 weeks are in the saccu lar to alveolar stages. 
In the saccular stage, the interstitial tissue mass decreases and the future gas 
exchange units in  the immature lung, referred to as saccu les, are composed . 
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Lung buds form. Blood vessels 
connect to heart. 
Pre-acinar airways and bloodvessels 
develop. 
Respiratory region develops. 
Thinning of peripheral epithelium and 
mesenchyme. Type I and II pneumocytes 
Development of saccules. 
Interstitial tissue mass decreases further. 
Secondary crests begin to subdivide 
saccules. 
Development of alveol i .  
Alveoli and smal l  blood vessels multiply. 
All structures increase in  size. 
Lung structure 
Trachea 24 days 
Extrapulmonary 28 days 
Main Bronchius 




Terminal Bronchiolus 16-17 weeks 
1 generation 
Respiratory Bronchioli 18-25weeks 
1 generation 
Alveolar ducts 25 wk-1yr 
2-3 generations 
Alveoli 30 wk-2-3yr 
1 generation 
a 1 000 acinus 
� n :r 
c 
Ill 
Figure 1. Stages of normal lung development with the airway structure developing within  
each stage. Figure adapted from Kotecha with k ind permission of  Paediatric Respiratory 
ReviewsY (The figure original ly came from the Handbook of Physiology by Burri in 1985) .  
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The alveol i ,  which are smaller and more numerous structures for gas exchange 
in the mature lung, are formed by subdivision of the saccules. Th is subdivision 
process entai ls the outgrowth of septa ("secondary crests") from the walls of 
the saccu les. During the alveolar stage there is extension and th inning of the 
secondary crests, resulting in an increased vascu lar surface area and increased 
acinar complexity characteristic of the mature lung.  Endothelial cell prol iferation 
along with the fusion of the capil lary network is required for the formation of the 
thin-walled, gas-exchanging alveolar-capi l lary unit. In the postnatal stage alveoli 
and small blood vessels multiply. Early postnatal lung growth is characterized by 
both further formation of alveoli and maturation of lung structures. It is l ikely 
that the adult number of alveol i  is a lmost complete by 18 months of age. Ma les 
genera l ly have a greater number of alveoli than females at all ages. Lung volume 
continues to increase unti l the early 20s in  normal adults by increase in  size of 
alveol i .  
1.3. Respiratory health in children with BPD 
When Northway described classical BPD, his popu lation was relatively mature 
and patients showed fibrosis and smooth muscle augmentation of medium sized 
airways, resu lting in a irway obstruction.  The present population of BPD infants 
is often born very prematurely and lung fibrosis is replaced by abnormal ities of 
lung growth . Markedly decreased numbers of (simplified) alveoli and decreased 
quantity of (dysmorphic) capil laries, with less smooth muscle encircling larger 
a irways are characteristics of "new" BPD.4•5 
Fortunately, pulmonary function seems to improve in most survivors with BPD, 
l ikely secondary to continued lung and airway growth and heal ing.  Frequent 
rehospital izations due to consequences of impaired pulmonary function are most 
common during the first 2 years of l ife. As pulmonary symptoms diminish after 
2 years of age, growth usually accelerates fol lowed more slowly by weight gai n .  
Haku l inen et al  found a gradual decrease i n  symptom frequency in  chi ldren aged 
6-9 years as compared to the first 2 years of life.6 Follow up studies on lung 
function show confl icting results : some authors report that preterm chi ldren 
regained normal lung function and exercise performance by school age.7•8 Others 
describe obstruction of smal l  airways and lower levels of fitness in school aged 
chi ldren and adolescents born prematurely.9•11 Diffusing capacity of lung tissue 
at school age was significantly lower after preterm birth compared to controls . 12 
Northway fol lowed the cases of patients with "classic BPD" into adulthood . In 1990, 
Northway reported that these adult patients had increased a irway hyperreactivity, 
abnormal lung function, and hyperinflation noted on chest radiography. 11 
Avai lable pulmonary fol low-up studies of chi ldren who acquired BPD in infancy 
12 
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(as described above) have included a more mature population than the mostly 
extremely low birth infants currently diagnosed with "new BPD". This thesis is 
focused on fol low-up of pulmonary development of chi ldren with "classic" and 
"new" BPD. The effects of changes in  present management in  neonatal care on 
respiratory hea lth were studied using questionnaires and lung function tests. 
Most of the techniques used to study pulmonary mechanics in adu lts require 
active voluntary maneuvers that infants and young chi ldren are unable to 
perform .  Therefore the study of (short and medium term) pulmonary function 
in infants and chi ldren with BPD has been l imited by the difficulties inherent to 
pulmonary function measurements in uncooperative patients. Current techniques 
in pediatric lung function testing include the forced oscillation technique (FOT), 
interrupter respiratory resistance technique (Rint), tidal breathing measurements, 
lung volume measurements, forced expiratory maneuvers and spirometry. FOT 
and Rint demand minimal co-operation of the chi ld, which makes these methods 
particularly su itable for use in young non-sedated chi ldren .  For older patients 
with "classic BPD", both questionnaires and extensive lung function tests provided 
useful information. 
1.4. Lung function measurements with Forced Osci l lation Technique and 
Interrupter Technique 
The purpose of performing lung function techniques in  (pre)school chi ldren is to 
be able to answer a number of practical questions such as the presence of a irway 
obstruction or hyperreactivity. Forced Osci l lation Technique (FOT) and interrupter 
technique (Rint) have the potential to disclose some relevant information.  
Both techniques measure resistance, a lthough FOT was developed to determine 
tota l respiratory impedance (Zrs) .13 Zrs is conventionally divided into respiratory 
resistance (the "real" part :  Rrs) and reactance (the imaginary (reactive) part :  X.,.). 
The general set up of the osci l lation system is shown in figure 2 . 13 
Figure 2. Measurement set up for Impedance 
measurements with Forced Oscillation 
Technique. Figure adapted from Frey with 




The theoretical background of FOT is that a pressure sine wave of a given 
frequency is appl ied to the respiratory system and the resulting flow is measured 
at the mouth . The resulting flow is a lso a sine wave, the ampl itude and phase of 
which depends on respiratory resistive, elastic and inertial properties. Dividing the 
pressure sine wave by the flow sine wave yields the z,.... 
z,... describes the response of the respiratory system .  The "real part" is the 
component of the pressure that is in phase with flow : R,... may be obtained either 
graph ical ly or from the amplitude and phase relationships of the two signals. 
Information on the apparent elasticity of the respiratory system may be derived 
from the "imaginary" part (X,.) . However, X,. consists of compliance C,... (elastic 
properties of lung tissue and thorax) and inertance I,. ( inertial components of a ir  
with in the airways) .  













fres 20-30 Frequency (Hz) 
Figure 3. Schematic representation of the human respiratory input impedance spectrum .  
Adapted from Frey with kind permission o f  Paediatric Respiratory Reviews13• 
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In contrary with the real part, where pressure is in phase with flow, the imaginary 
part is not in phase. Compl iance causes a negative phase lag and inertia a positive 
phase shift between pressure and flow waves. Figure 3 shows resistance and 
reactance curves measured over a broad spectrum (2-800 Hz). 13 With increasing 
frequency Xrs undergoes a transition from negative values, when elastic reactance 
dominates, to positive va lues where inertia l  properties dominate. Resonance 
frequency (fres) is the frequency at which the elastic and inertial components are 
equal but opposite in magnitude, thereby cancel ing each other out. Therefore fres 
is a useful reference, being that frequency at which respiratory resistance can be 
measured directly from the overal l  osci l latory pressure and flow. 
The response of the respiratory system depends on the frequency of the applied 
pressure osci l lation.  Different information can be obtained depending on the 
frequency of the applied pressure wave. For clin ical applications of FOT it is usual 
to apply a medium frequency range (4-30Hz). The median frequency range is 
dominated by a irway resistance. The response of very slow pressure osci l lations 
( < 2Hz) will conta in information on lung tissue, whi le the response on very high 
pressure osci l lations ( > 100 Hz) wil l  contain information on behavior of a ir  within 
the airways. High frequency impedance spectra show acoustic anti-resonance 
phenomena . In ch i ldren the anti-resonant frequency (f.r) occurs at 200-250Hz. 
Pressure osci l lations containing a range of frequencies simultaneously are cal led 
"pseudo-random pressure osci l lations". These can be imposed on the subject's 
mouth during spontaneous breathing by a loudspeaker using pseudo random 
noise. A digital filtering method is applied to separate forced osci l lations from 
spontaneous breath ing.  During the FOT procedure the child is seated behind the 
apparatus in  an upright position, wearing a nose clip (figure 4). Cheeks and mouth 
floor are fixed by the hands of the investigator to prevent upper airway shunting.  
The chi ld breathes quietly through the mouthpiece, which is connected to the 
FOT-device . In the studies described in this thesis the i2m® (Chess Medical, Gent, 
Belg ium) is used . One measurement takes 8 seconds. A pseudo-random noise 
pressure signal ,  conta ining a l l  harmonics of 4 to 48Hz is applied at the mouth 
by means of a loudspeaker. Mouth pressure and flow signals are fed into the 
analyzer, which ca lculates the resistance and reactance at all frequencies . The 
entire Xrs -frequency curve ( including fres ) shifts to the right in young chi ldren 
and in  patients with obstructive disease. Unti l recently it was difficult to measure 
the resonance frequency in a l l  chi ldren, especial ly the very young. Because of 
the relatively broad frequency spectrum, i2m® succeeds to measure resonance 
frequencies in all chi ldren, even the very young ones. Measurements col lected 
during glottic closure, swallowing or episodes of i rregular breathing have to be 
discarded (afterwards) . 
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The interrupter technique "Rint" is a lso developed to measure a irway resistance 
(R1nt) during spontaneous breathing. Th is technique is based on the assumption 
that during transient occlusion of the airway at the mouth, a lveolar pressure wi l l  
equi l ibrate rapidly with mouth pressure .  The chi ld is sitting in an upright position 
with the head in a neutral position and breathes qu ietly through a mouthpiece 
(nose clipped) that is connected to a flow meter and a pressure transducer to 
measure airflow and pressure (figure 5) .  A rapidly occluding valve automatica lly 
interrupts the airflow ( 1 0  msec) and the child briefly exhales against a transiently 
closed valve. Figure 6 (page 18) shows an optimal mouth pressure- time curve 
with a sharp increase in pressure immediately fol lowing occlusion (a) ,  a series 
of high frequency osci l lations (b) and a smooth increase in pressure (c) . 14 R1nt 
measurements are obta ined by l inear back extrapolation of two points from the 
curve 30 and 70 ms post occlusion to an arbitrary point 15 ms after occlusion.  b.P1nt 
is ca lcu lated from the difference between pressure measurements pre-occlusion 
(P0) and at time of occlusion (P,nt at tacclusian) . The ratio of this difference to the 
expiratory flow at the mouth at time of occlusion gives the R1nt measurement. 
R1nt = Change in  mouth pressure/ air flow at mouth 
1.5. Outline of this thesis/ Study aims 
Forced oscillation technique (FOT) and Interruption technique (Rint) 
This thesis consists of two parts. Cha pters 2 and 3 address the methodological 
aspects of FOT and Rint. We aimed to determine reference va lues and regression 
equations for both techniques and to study whether a history of respiratory 
disease and predisposing factors such as personal or family history of asthma and 
environmental risk factors such as parental smoking affect FOT and Rint va lues. 
Fa i lure rates, coefficients of variation (to determine with in subject variation) and 
repeatabil ity at a six week interval were calcu lated . 
Respiratory health of pre-school-aged children born prematurely 
The second part of this thesis highl ights the current models and concepts of 
Bronchopulmonary Dysplasia (chapter 4) and describes fol low up studies of 
chi ldren and young adu lts born prematurely. The aim of the study described in 
cha pter 5 was to evaluate the respiratory hea lth of preschool-aged prematurely 
born chi ldren with and without BPD. Respiratory health was evaluated by 
questionnaire and lung function (FOT and Rint) . The lung function test results 
were compared with reference data col lected in chapter 2 and 3. 
Long term follow up: young adults born prematurely- symptoms 
Respiratory hea lth was studied in adults born prematurely in a prospective cohort 
study. In the early eighties a nation-wide survey was started by the Division of 
16 
Introduction 
Figure 4. FOT-measurement 








Figure 6. Optimal P m<<l curve showing back extrapolation RintL 
Time (ms) 
An optimal P m<<l curve should display a sharp increase in pressure immediately following 
occlusion (a),  a series of high frequency oscillations (b)  and a smooth increase in pressure 
(c). Rint< measurements are obtained by l inear back extrapolation of two points from the 
curve 30 and 70 ms post-occlusion (t30 and t70) to an arbitrary point 15 s post-occlusion at 
which total valve closure is thought to have occurred (toccrusron) .  Mouth pressure measurements 
are taken pre-occlusion (P0) and at time toccrusJon (P1n,) .  D.P'"' is calculated from the difference 
between these two measurements. The ratio of this measurement to the expiratory flow at 
the mouth at the time of occlusion gives the Rint measurement. Adapted from Child with 
kind permission of Paediatric Respiratory Reviews.1• 
Perinatology of the Dutch Paediatric Association. The POPS (Project On Preterm 
and Small for gestational age infants) study col lected information on the incidence 
of very preterm and very low birth weight infants and subsequently on their 
outcome on mortality, morbidity and disabil ity.15•16 Pre-, peri-, and neonatal data 
of Dutch infants born al ive with a gestational age (GA) below 32 completed weeks 
and/or with a birth weight less than 1500g, were collected prospectively. The 
study ultimately consisted of 1338 infants, constituting 94% of the el igible infants 
born in 1983 in the Netherlands. All 998 infants surviving the initia l  hospital stay 
were enl isted for long term fol low-up. Between their birth and the fol low up visit 
in 2002 379 ch i ldren d ied, leaving 959 l iving participants at age 19.  
The aim of the study described in  chapter 6 was to examine the presence or 
development of respiratory or atopic symptoms in these (young) adults born 
prematurely and specifically if premature birth did result in irreversible injuries. 
In addition, we studied differences in  respiratory health at adulthood between 
those who did and did not develop BPD at neonata l age. Male gender is a risk 
factor for neonatal RDS, BPD and even death . Boys with neonatal RDS seem to 
have more hea lth problems than girls during the neonatal period . This lead to the 
18 
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question whether we could find differences in respiratory health between young 
adult males and females. 
Long term follow up: young adults born prematurely- lung function and exercise 
capacity 
Limited information is avai lable about the long-term outcome of lung function in  
young adu lts born prematurely. Whether preterm birth is also associated with 
reduced exercise capacity later in life is unknown. Moreover, it is unclear whether 
or not poor lung function is the l imiting factor in purported reduced exercise 
capacity. The aim of the study described in chapter 7 was to investigate the long­
term effects of prematurity on lung function and exercise capacity. 
A summary of main findings and relevance for cl inical practice are discussed in  
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The primary aim of the study was to determine pediatric reference values for 
resistance and reactance of the respiratory system by the Forced Osci l lation 
Technique (FOT) . The secondary aim of the study was to evaluate the effect of 
factors such as a history of respiratory d isease, personal or family history of 
asthma and environmental risks, such as parental smoking on FOT parameters. 
Methods: 
Study design: Cross sectional 
Participants: Three to twelve years old (Caucasian) (pre-)schoolch i ldren . 
Measurements: 
Respiratory resistance and reactance at frequencies from 6 to 48 Hz as well as 
frequency dependence and resonance frequency were measured using novel 
instrumentation for FOT. 
Statistical tests: 
K-5-test, (paired) t-test, multiple l inear regression analysis 
Results: 
From the 681 chi ldren who participated, 317 ch i ldren met al l  health ( inclusion) 
criteria for the determination of reference values. Respiratory resistance was lower 
at higher height and proved in smaller chi ldren to be more frequency dependent 
at lower frequencies. Resonance frequency and frequency dependence Rn6_24 are 
h igher in chi ldren with respiratory symptoms and in children whose parents smoke 
in their presence compared to hea lthy controls. 
Conclusions: 
Reference values for respiratory resistance and reactance, resonance frequency 
and frequency dependence measured by forced osci l lation technique (6-48Hz) are 
now available for chi ldren between 3-6 and 6-12 years. FOT can be used routinely 
in preschool children and is reproducible. FOT parameters were significantly worse 
in chi ldren with reported respiratory symptoms. More frequency dependence and 
higher resonance frequency ind icate that passive smoking affects the a irway 
patency of to smoke exposed asymptomatic ch i ldren. 
BACKG ROUN D  
Lung function, which is assessed for the d iagnosis and monitoring of respiratory 
diseases, can provide important insights into normal and pathological lung 
conditions.l-3 Current techniques in pediatric lung function testing include the 
tidal breathing measurements, lung volume measurements, forced expiratory 
maneuvers spirometry, forced osci l lation technique ( FOT) and interrupter 
respiratory resistance technique (Rint) .4 Eva luating lung function in young children 
(of preschool age) is d ifficult due to lack of patient cooperation or necessity of 
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sedation.  FOT however has minimum demand for co-operation, which makes 
this method particularly suitable for use in young non-sedated chi ldren.5•6 FOT 
is a non-invasive method by which resistance (Rrs) and reactance (Xrs) of the 
respiratory system can be measured simultaneously, at various frequencies by 
means of complex osci l lations, superimposed on spontaneous quiet breathing/ 
FOT is until now most commonly applied in a medium frequency range; the 
frequency spectrum starts at 2 Hz and extends to 30 Hz.8 Previous studies in adu lts 
and chi ldren showed that the fol lowing parameters contain the most information; 
resistance measured at osci l lation frequency of 6 Hz (Rrs6 ) ,  the mean values of Rrs 
and Xrs over the (4-30Hz) frequency spectrum, the resonance frequency (f, •• ) and 
the frequency dependence of Rrs6_24 •8•9 F, •• is considered to be useful in assessing 
respiratory qual ity for two main reasons: fres is the frequency at which Rrs can be 
measured directly from the overal l  osci l latory pressure and flow and the entire 
Xrs curve ( including f,.5) shifts to the right in obstructive disease. The fres in infants 
and patients with bronchial obstruction sometimes exceeds the medium frequency 
range. Newly commercial ized FOT equipment al lows quick measurements, over 
a broader spectrum of frequencies (4-48Hz) . The main advantage of including 
frequencies between 30-48 Hz is that f,.s can be determined in  patients of al l 
ages and in  patients with bronch ial obstruction.  To be able to compare normal 
and pathological lung conditions, reference va lues are needed, which have been 
established for different (forced) osci l lation techniques, but are lacking for the 
new device used in this study.6•10-14 
Objective 
The first objective of the study was to determine pediatric reference va lues for 
lung function as measured by forced osci l lation technique. Since the reference 
values are determined in populations that preferably consists of "healthy" 
ch i ldren (reflecting a "normal" population),  the second objective was to determine 
variables that affect these normal values. Therefore, we studied whether a history 
of respiratory disease, and predisposing factors such as personal or family history 




In this cross sectional study, Caucasian ch i ldren aged 3 to 12  years, were recruited 
from two nursery and three primary schools in the North of the Netherlands. 
Written informed consent was obta ined from the parents of the chi ldren .  Twelve­
year-old children gave written informed consent themselves as wel l .  Demographic 
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data were assessed. To select hea lthy subjects, the parents were requested 
to complete a questionnaire, according to recommendations of the American 
Thoracic Society and the European Respiratory Society.l2·15•16 Exclusion criteria for 
the study on reference va lues were :  ( 1 )  a personal or family history ( includ ing 
parents and siblings) of wheezing and asthma; (2) a personal history of a l lergic 
rhinitis or dermatitis/eczema; (3) low birth weight ( < 1500g),  premature birth 
( <37 weeks), assisted neonatal ventilation, or bronchopulmonary dysplasia ; ( 4) 
recent and/or current upper respiratory tract infection ( less than two weeks before 
the measurements) ;  (5) dyspnea, wheezing, cough or accessory muscle use; (6) 
inabil ity to perform the test (e.g . face trauma) and (7) parenta l smoking (>3  
cigarettes per day in  the child's environment). The study was approved by the 
Medical Ethical Committee of University Medical Center Groningen. 
Forced Osci llation Technique 
FOT determines the respiratory resistance (Rrs) and reactance (X,.) of the tota l 
respiratory system. The newly developed i2m® (Chess Medica l ,  Gent, Belgium) is 
able to determine these values over a frequency spectrum of 4 to 48 Hz, within 
eight seconds during quiet, spontaneous breathing. FOT has been described in 
detai l  elsewhere.7 
The i2m® has the fol lowing technical characteristics : a irflow was measured with an 
intell igent pneumotachograph (Chess Medical, Gent, Belg ium).  Two sensors have 
been implemented in this pneumotachograph.  One sensor (type EG&G 1 220A-
001D-35) measures the airflow. Th is sensor has two pressure leads representing 
a differentia l  pressure. The second sensor (type EG&G 1220A-001G-35) has one 
lead used for the gage measurement. The pneumotachograph was cal ibrated by 
the integration method and the pressure channel with a precision fluid-manometer. 
The speaker (Monacor, SP-8A/200PA) has a characteristic impedance of S.Q; the 
power is specified at 200WRMs (more deta i ls avai lable on request) . The accuracy of 
the measurements was checked daily by means of several cal ibration impedances 
and the whole ca l ibration procedure was repeated whenever the measurement 
was found to deviate by more than 5% from the expected va lue. 
The change of resistance with frequency, the so-cal led frequency dependence of 
Rrs, is defined by the mean slope of Rrs versus frequency curve calculated over 
the 6-26 Hz frequency spectrum. Xrs is mainly dependent on the compl iance of 
the chest-lung system and on the inertia l  forces of lung tissue, chest wal l  and a ir  
within the bronchi .  Increasing with frequency, Xrs undergoes the transition from 
negative values (when the elastic reactance dominates) to positive va lues (when 
the inertia l  reactance dominates) .  The point at which elastic and inertial reactance 
magnitudes are equal is associated with zero X,.. This point is known as resonance 
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frequency (fres) .  Fres is a useful reference, being that frequency at which Rrs can be 
measured directly from the overal l  osci l latory pressure and flow. 
During the FOT procedure the child was seated behind the apparatus in an upright 
position, wearing a nose cl ip. Cheeks and mouth floor were fixed by the hands of the 
investigator to diminish upper airway shunting.  The child breathed quietly through 
the mouthpiece, which was connected to the i2m® for 5 consecutive measurements 
of 8 seconds. A pseudo-random noise pressure signal ,  containing all harmonics of 
4 to 48Hz was applied at the mouth by means of a loudspeaker. Mouth pressure 
and flow signals were fed into the ana lyzer, which ca lcu lated the resistance and 
reactance at a l l  frequencies. The mean value of 5 measurements of each child was 
used to obta in the reference values. Measurements col lected during glottic closure, 
swal lowing or episodes of irregular breathing were discarded afterwards. Most of 
these events can be detected on the flow signal,  which is displayed on the screen 
during the measurement. If a measurement was considered artefactual ,  both Rrs 
and Xrs were rejected . The coherence was determined during every measurement. 
Only data with a coherence function above 0.95 were retained. 40 Randomly 
selected ch i ldren performed the test twice with an interval of 6 weeks in  order 
to measure repeatabi l ity. FOT wil l benefit in particular the children < 72 months 
(6 years of age) as older chi ldren are l ikely to be able to perform spirometry. 
Therefore we estimated separate reference equations for chi ldren < 6 years and 
� 6 years. 
Statistical Analysis 
We first checked the normal ity of the distributions of Rrs6- Rrs48, fres' frequency 
dependence of Rrs6_241 Xrs6-X rs48 using visual inspection and formal ly tested the 
distribution of the residual for normal ity using the K-S- test. Since the Rrs6- Rrs48, 
variables were not distributed normally we performed natural log transformations 
leading to normal ized distributions. In order to determine prediction equations 
for the In transformed Rrs6- Rrs48 variables we performed multiple l inear regression 
analyses with height, age, weight and sex as independent predictors into the 
model . Since weight and sex were not significant independently associated with 
Rrs6- Rrs48, we did not include them into the prediction models. The estimates 
for the constant, height and age were determined and incorporated into the 
prediction equations for Rrs6 to Rrs48• Xrs6-Xrs4s. fres' frequency dependence of Rrs6_241 
were normally d istributed . Mu ltiple l inear regression ana lyses were performed with 
height, age, weight and sex as i ndependent predictors i nto the model . Height and 
age were significant independent predictors and were included into the prediction 
equations. Coefficients of variation were ca lculated to determine with in subject 
variation.  The paired t-test was used to analyse repeatabil ity with a six weeks 
interval and a Bland-Altman plot was executedY 
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Data of the tota l population of 681 ch i ldren have been analyzed to evaluate the 
effect of a history of respiratory disease, predisposing factors such as personal or 
family history of asthma and environmental risks, such as parental smoking, on 
the a irway resistance and reactance. We studied the independent effects of height, 
age, sex, weight, respiratory symptoms or asthma, hay fever or eczema, family 
history of asthma, personal history of intensive care treatment or premature birth 
and parental smoking on FOT parameters using a multiple l inear regression model . 
As dependent factor we examined Rrs6, Rrsa, frequency dependenceRrs6_241 Xrs6, X,58 
and resonance frequency. Additional ly, we ca lcu lated Z-scores -or standarized 
deviation scores- which are defined as z, (observed value- predicted value)/ 
residual standard deviation (RSD) in the reference population. Z-scores ind icate 
how many SD's a group is below or above predicted any parameter. Group sample 
sizes were sufficient to achieve 80% power to detect a relevant difference in lung 
function with a significance level of 0 .05 (alpha) using a two-sided two samples t­
test. Al l statistical procedures were perfomed using SPSS 12 .0 .  P-va lues less than 
alpha"" 0 .05 were considered to be significant. 
RESU LTS 
Reference values 
The primary aim of the study was to determine pediatric reference va lues for FOT. 
From the 785 children aged 3 to 12  years, who were asked to participate, 87% 
of the parents gave written informed consent (n,681 ) .  23 Children were aged 12  
years or  older and gave also written permission themselves. Of  the 681 ch i ldren 
investigated, 317 met the inclusion criteria (the "reference group") . Characteristics 
of the tota l population and reasons for exclusion for contribution to generating 
reference va lues are summarized in table la .  Characteristics of the reference 
group are shown in table lb .  Age distribution is shown in figure 1 .  Resonance 
frequency could be measured in a l l  chi ldren, which made it possible to make 
reference equations for f,.s as wel l .  The regression equations for Ln Rrs6 • Ln Rrsa' Xrs6, 
X,58, frequency dependence of Rrs and f,.s are summarized in table 2a on page 30 
(children <6  years) and 2b (children � 6 years) .  The regression equations for al l  
parameters can be found in additional files (Appendix I and II) .  The use of the 
coherence function threshold resulted only in loss of data points of measurements 
at 4 Hz. Therefore no regression equations were obtained for Ln Rrs4 and X,54• 
Independent variables 
In figure 2 resistance va lues at a l l  frequencies for heights between 90 and 170 
em are depicted . Resistance was lower in tal ler chi ldren and resistance of smal ler 
children was more frequency dependent at lower frequencies. Reactance increased 
with height (figure 3) .  The resonance frequency (intersection with the x-axis) 
26 
Reference values for FOT in children 
Table la. Characteristics of participating children 
Number 
Median sta nding height (em) (range) 
Median age (years) ( range) 
Asthma (%)* 
Symptoms (%)* 
Hay fever/eczema (%)* 
Family history of asthma (%)* 
Premature birth (%)* 
Intensive care treatment (%)* 
Parental smoking (%)* 
Total 
681 
1 34 (90-176) 
8 (3-13) 
14 (2%) 
88 ( 1 3%) 
111 ( 1 6%) 
77 ( 12%) 
26 (4%) 
14 (2%) 
97 ( 14%) 
Boys 
344 
1 34 (90-176) 
8 (3-13)  
10 (3%) 
52 ( 1 5%) 
62 ( 18%) 
42 ( 12%) 
17 (5%) 
9 (3%) 
52 ( 15%) 
* Results of the questionnaire .  Characteristics may overlap.  
Girls 
337 
1 34 (93-170) 
8 (3-13)  
4 (1%) 
36 ( 1 1%) 
49 ( 15%) 




Table lb. Characteristics of children participating in "reference part" of the study 
Total Boys Girls 
----
Number 
Median standing height (em) ( range) 
Median age (years) (range) 
60 
50 
c: f40 :!:! :E u ... 
�� .. ..Q 




133 (90-1 69)  











3 5 6 7 8 9 10 11 12 
age (years) 
Figure 1. age distribution of the participating children.  In dark grey the children who 
participated in  the reference g roup and in l ight grey the children who were excluded for the 
reference part but participated in  the analyses of effects on symptoms, predisposing factors 
and environmental risks on FOT-parameters 
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Figure 2. Resistance curves for different heights measured over the 6-48 Hz frequency 
spectrum.  
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Figure 4. Mean R158 with 95% confidence interval per age. 
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Figure 5. Repeated measurements of R,.6 with a six weeks interval .  The Bland-Aitman plot 
shows the difference between the pairs of measurements of R,.6• (Dotted l ines :  mean ± 2 
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Figure 6. Comparison of regression curves of respiratory resistance versus height. Results 




Table 2a. Regression equations for Ln R,. , X,., frequency dependence of R,. (f-d of R,.) 
and f..,, children < 72 months 
Healthy Ln R,..; Ln � xrs6 x...., f-d of R,. 
Constant 4.025 3 .633 -11.080 -8. 568 -0.264 
(StE) (0 .649) (0.625) (2.  783) (2. 120) ( 0 . 166) 
B height -0.010 -0.008 0.044 0.043 0.00009 
(StE) (0.008) (0 .007) (0.033) (0.025) (0.002) 
B age - 0 .016 -0.014 0.062 0.031 0 .002 
(StE) (0 .005) (0.005) (0.022) (0.017) (0.001) 
Ln R,. =constant + B *height (em) + B *age (months) 
X,.= constant+ B *height (em)+ B *age (months) 
Table 2b. Regression equations for Ln R,. , X,., frequency dependence of Rr> 
and f,.., children � 72 months 
Healthy Ln R,..; Ln � xrs6 x...., f-d of R,. 
Constant 2.930 2.884 -4.991 -4.478 -0.256 
(StE) (0 .252) (0.248) (0 .512) (0 .480) (0.039) 
B height -0.005 -0.005 0 .019 0.018 0.001 
(StE) (0.003) (0.003) (0.006) (0 .005) (0.000) 
B age - 0 .007 -0.006 0 .009 0.009 0.001 
(StE) (0 .002) (0 .002) (0 .003) (0.003) (0.000) 
Ln R,. =constant + B *height (em) + B *age (months) 















decreased since the curve showed a substantial leftward shift when chi ldren grow 
older. Figure 4 demonstrates the mean Rrsa with 95% confidence interval per age. 
Reproducibility 
The mean with in-subject standard deviation of 5 consecutive measurements 
performed during the same session was on average Rrs 0.3hPa/l/s (chi ldren � 
6 years of age) and 0 . 6  hPa/1/s (chi ldren <6 years of age) .  The coefficients of 
variation on average Rrs were 5.6% for children � 6 years of age and 12 .3% for 
chi ldren < 6 years. Forty ch i ldren performed the test twice with an interval of six 
weeks. No sign ificant differences were found between these measurements (see 
figure 5) .  Our regression curves for respiratory resistance (measured at 6 and 
8 Hz) in relation with standard height were compared with previously reported 
regression equations for pseudorandom noise techn iques in figure 6.6•10•12•18•19 
Factors affecting FOT 
The secondary aim of the study was to determine the effect of factors affecting 
FOT parameters. Using l inear regression analysis, we found a sign ificant higher 
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resonance frequency in  ch i ldren with respiratory symptoms ( B=0. 54 Hz, CI 0 .04-
1 . 04) and in chi ldren whose parents smoke (B= l .O  Hz, CI 0.06-1 .94) compared 
to the reference group (adjusted for age, height, weight, sex, hay fever, eczema, 
positive family history for asthma, prematurity and intensive care treatment) .  
Furthermore, we found significantly more frequency dependence of Rrs6_24 in 
chi ldren with respiratory symptoms (B=-0 .009 CI -0.02- -0.003) and lower Xrss in  
chi ldren with respiratory symptoms (B=-0 . 1 1 5  hPa/1/s CI -0.22- -0 .10)  compared 
to the reference group and adjusted for the same factors. Z-scores showed a 
significant higher resonance frequency in chi ldren with respiratory symptoms and 
in  ch i ldren whose parents smoke. Frequency dependence of Rrs6_24 was significantly 
larger in  ch i ldren whose parents smoke and tended to be larger in  chi ldren with 
respiratory symptoms. Reactance parameters showed sign ificantly lower results in 
children with symptoms. The results are summarised in table 3. 
Table 3.  Z-scores (mean ± SD) of the reference group, passive smokers and children with 
symptoms 
Z-score f, •• 
Z-score LnR,.6 
Z-score LnRrs8 
Z-score f-d Rrs * 
Z-score Xrs6 
Z-score Xrsa 




0 .00 ± 1 .0  
0 .00 ± 1 . 0  
0.00 ± 1 . 0  
0.00 ± 1 . 0  
0.00 ± 1 . 0  
0 . 0 0  ± 1 . 0  
0 .00 ± 1 . 0  
Passive Symptoms 
Smokers 
N =97 N=88 
0 .27 ± 1 . 0  0 .35 ± 0 . 9  
-0.07 ± 1 . 0  0 .24 ± 0 . 9  
-0.05 ± 1 . 0  0 .23 ± 0 . 9  
-0.34 ± 1 . 0  -0.41 ± 1 . 1  
0 . 0 7  ± 1 . 0  -0.29 ± 1 . 1  
0 .05 ± 1 . 0  -0.40 ± 1 .2  
-0.25 ± 1 . 1  -0.32 ± 0.9 




















Z-scores are defined as:  Z= {observed value -predicted value)/ RSD, where RSD is the 
residual standard deviation in the reference population. Rrs6 and Rrsa needed to be In-trans­
formed to obtain normal distribution before Z-scores could be calculated. 
DISCUSSION 
Reference values 
We focused on reference values for newly developed, forced osci l lometry ( i2m®) .  
FOT i s  a useful technique for measuring lung function, especial ly in  young 
children.  Until now it was difficult to measure the resonance frequency in all 
ch i ldren, especia l ly the very young. Because of the broad frequency spectrum of 
the improved instrumentation we succeeded to measure resonance frequencies 
in  ch i ldren of all ages, even the very young ones. This resulted in  the inclusion of 
more hea lthy chi ldren per age category than any other FOT reference study. 
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Methodological aspects 
The success rate of completing the FOT maneuver was high ( >95%) and is 
comparable with or higher than other techniques (e .g .  Rint) for chi ldren. Most of 
the chi ldren succeeded to complete the test. Only ch i ldren younger than 5 years 
were sometimes scared or refused to be seated in front of the FOT. In this age 
category the help of a teacher or the presence of one of the parents improved the 
wil l ingness to participate. The advantage of this method using tidal  breathing is 
that FOT can routinely be used in young ch i ldren. Because of the short time of one 
procedure, it can be expected that in the future this technique can successfu l ly be 
appl ied in even younger ch i ldren using a facemask. 
Reproducibility 
The short term within-subject coefficients of variation of FOT indices in hea lthy 
adu lts and chi ldren range 5-15%.8 Coefficients of variation of the chi ldren in our 
study were in the same range .  The measurements are reproducible :  measuring of 
the same ch i ldren with six weeks interval gave no significant changes. 
Specific parameters 
As expected from other studies resistance va lues decrease as a function of 
height.6 Frequency dependence R,..6_24 was seen in young ch i ldren, in chi ldren with 
respiratory symptoms and in chi ldren whose parents smoke in their presence . 
The frequency dependence Rrs6_24 of young ch i ldren was one of the main reasons 
to make separate regression equations for this specific age group. Regression 
equations based on a large percentage of older children flatten the slope of the 
Rrs -frequency-curve. The other important reason was that FOT measurements wi l l  
be beneficial in particular in the chi ldren < 72 months (6 years of age) as older 
chi ldren are l ikely to be able to perform spirometry. 
Frequency dependency of R,..6•24 in young ch i ldren is also found by other investigators 
and probably reflects, besides upper a irway wall motion, the heterogeneity of the 
lungs and a frequency-dependent redistribution of the osci l latory flow between 
different compartments. 1•14•20 With the standard FOT technique, Rrs and Xrs, are 
affected by the motion of the upper a irway wal ls .  This upper airway shunt results 
in an artificial frequency dependency of Rrs. Although complete el imination of 
the upper a irway shunt during standard measurement is impossible, firm and 
uniform support of the upper airway walls to d iminish upper airway shunt was 
applied as recommended . Probably the best approach to minimize the effects of 
the upper airway shunt is to apply the osci l lating pressure signa ls around the head 
and at the mouth (the head generator technique) .21 This technique considerably 
reduces the motion of the cheeks, however studies differ in their assessment of 
the convenience of the head generator technique. 
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Resonance frequency could now be measured in  children of al l  ages and appeared 
to be associated with height. No differences were found between boys and girls. 
This is in agreement with the findings of Hell inckx et al.3 Du iverman et al ,  reported 
a higher resistance in boys up to 5 years, whereas Clement et a l .  reports a higher 
resistance in  girls up to 7.5 years6·22, both measured with the same FOT. The 
regression formulae in this study are easy to use and provide an alternative to 
the earlier publ ished equations for Rrs4_26 and new formulae for f,es' frequency 
dependence of Rrs, Rrs26_48 and Xrs26_48-
Factors affecting FOT 
The results of the role of respiratory disease, predisposing factors and environmental 
risks on the respiratory system resistance yielded that especial ly parental smoking 
was an independent predisposing factor. The introduction of height and age as 
independent factors gave the expected results as we examined consecutively Rrs6, 
RrsB', frequency dependence Rrs6-24' xrs6' xrss and resonance frequency. Respiratory 
symptoms as independent factor gave a significant increase of frequency 
dependence of Rrs6_24 and resonance frequency. 
Grimby et al  were the first to demonstrate frequency dependence in patients with 
airflow resistance. They noted that resistance in the lung may be substantial ly 
elevated in  severe chronic a irflow obstruction, but resistance in  patients with 
obstruction was not constant : it decreased as frequency increased . The higher 
the frequency, the more closely patients might approach normal va lues of airflow 
resistance.23 Airway constriction in asthma is bel ieved to be particu larly marked 
in the bronchioles and smaller a irways that lack the cartilaginous structure which 
opposes smooth muscle shortening.24 Constriction of this part of the bronchial 
tree unmasks the compliance of the more proximal a irways and provokes central 
a irway shunting of flow. The result is negative frequency dependence Rrs6_24 and 
a decrease in  respiratory reactance. The same mechanism probably makes that 
children with respiratory symptoms become more frequency dependent. 
Parental smoking as independent factor showed significant increase of the 
resonance frequency. Children who are exposed to cigarette smoke are at risk of 
a range of health problems : they are more l ikely to have otitis media or wheezing, 
adenotomies, tonsil lectomies, and -during a Respiratory Syncytial Virus epidemic 
- to contract bronchiol itis.25 In the Netherlands Hirasing et al. found that in  50% 
of the households one of the parents smoked . 44% of the parents smoked in the 
presence of the child, 12% of the parents smoked in the car in  the presence of the 
child .26 ThelS% found in the present study is lower than the overall prevalence 
of smoking in the Netherlands. This question can be biased by the fact that we 
asked the parents if they smoked more than 3 cigarettes/day in the presence of 
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the ch i ld .  Parents who smoked less or who smoked but not in the presence of their 
child answered "no". 
The observed increase of the resonance frequency seems to reflect an "over al l" 
increase of the compl iant properties and /or a decrease in  inertial forces. FOT 
is probably able to measure subtle changes, which cannot be detected by other 
techniques as spirometry. In asymptomatic adult smokers, frequency dependence 
of Rrs6_24 is observed . We observed increased frequency dependence measured as 
Z-scores in this group of young passive smokers. Frequency dependence of Rrs6•24 
may reflect small airway obstruction.  We speculate that asymptomatic smokers 
and young passive smokers perhaps have small airway abnormalities. 
In conclusion, reference va lues are now available for ch i ldren between 3-6 and 
6-12 years with a wider frequency spectrum than before of 6-48Hz. Baseline 
predictions are expressed as a function of age and height. This study shows that 
FOT routinely can be used in young children .  Resonance frequency can by measured 
in a l l  chi ldren and yields important information as it proved to be a sensitive FOT 
parameter. Increased resonance frequency and frequency dependence of Rrs6_24 
are seen in chi ldren with respiratory symptoms and in chi ldren whose parents 
smoke in their presence. This study shows that passive smoking affects airways 
of smal l  children. 







forced osci l lation technique 
resistance of the respiratory system 
reactance of the respiratory system 
resistance measured at osci l lation frequency of 6 Hz 
resonance frequency 
frequency dependence of respiratory resistance 6_24 (the mean 
slope of R,. versus frequency curve calcu lated over the 4-26 Hz 
frequency spectrum) 
device for FOT 
airway resistance 
forced expiratory volume in 1 second 
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w Appendix I a. Regression equations for Ln Rrs (Ln Rrs =constant + B * height (em) + B *age (months)) Children < 72 months ( <6 years) n 01 :::r Dl 
Healthy Ln R,..6 Ln Rrsa Ln Rrsto Ln Rrs12 Ln Rrs14 Ln Rrs16 Ln RrslB Ln Rrs2o Ln Rrs22 Ln Rrs24 Ln Rrs26 
'tl .... ID ... 
Constant 4 .025 3.633 3 .606 3 . 654 3 . 6 5 1  3 . 669 3.731 3 .625 3 . 599 3.421 3 .463 ..., 
(StE) 0 . 649 0.625 0 . 59 1  0 . 597 0 . 608 0.632 0 . 642 0 . 660 0. 604 0 . 560 0. 537 
B height - 0 . 0 1 0  -0.008 - 0 . 008 -0. 009 -0. 009 -0.009 -0.010 -0.008 -0.010 -0.008 -0.009 
(StE) 0 .008 0.007 0 . 007 0 . 007 0 . 007 0.008 0 .008 0 . 008 0.007 0 .007 0 . 006 
B age - 0 . 0 1 6  - 0 . 0 1 4  - 0 . 0 14 -0.014 -0.015 -0.016 -0.016 - 0 . 0 1 8  - 0 . 0 1 6  - 0 . 0 16 -0 . 0 14 
(StE) 0 . 005 0.005 0 . 005 0 . 005 0 . 005 0.005 0.005 0.005 0.005 0 .004 0. 004 
Healthy Ln Rrs2a Ln RrsJo Ln Rrs32 Ln Rrs34 Ln Rrs36 Ln Rrs3B Ln Rrs40 Ln Rrs42 Ln Rrs44 Ln Rrs46 Ln Rrs48 
Constant 3 . 358 3 . 327 3 .372 3 . 293 3 . 393 3 .459 3 .434 3 . 355 3 . 385 3 . 501 3 . 623 
(StE) 0 . 548 0. 554 0 . 592 0 . 560 0 . 5 1 5  0 . 5 1 7  0 . 5 5 1  0 . 542 0 . 568 0 . 5 3 1  0 . 545 
B height -0.008 -0.009 - 0 . 008 -0.009 -0.010 -0.010 -0.009 -0. 009 -0. 008 - 0 . 0 10 -0 . 009 
(StE) 0 . 007 0.007 0 . 007 0 . 007 0 . 006 0.006 0 .007 0 . 006 0.007 0 . 006 0 . 006 
B age -0.014 -0.013 - 0 . 0 13 -0.010 -0.010 -0.0 1 1  -0.010 - 0 . 0 1 0  -0.010 -0 . 009 -0 . 0 1 1  
(StE) 0 .004 0.004 0. 005 0 .004 0 . 004 0 .004 0 .004 0 . 004 0.004 0 .004 0.00 
Appendix I b. Regression equations for Ln Rrs (Ln Rrs =constant + B * height (em) + B *age (month) )  Children � 72 months ( � 6  years) 
Healthy Ln R .. 6 Ln Rrsa Ln Rrsto Ln Rrs12 Ln Rrs14 Ln Rrs16 Ln RrslB Ln Rrs2o Ln Rrs22 Ln Rrs24 Ln Rrs26 --
Constant 2 .930 2 . 884 2 . 7 1 2  2.654 2 . 536 2.404 2. 287 2 . 1 5 3  2. 137 2. 1 19 2 . 1 1 3  
(StE) 0.252 0.248 0 . 241 0 . 243 0.251 0 . 262 0 . 275 0 . 296 0.289 0.281 0. 270 
B height -0.005 -0.005 -0 . 004 -0. 004 -0. 004 -0.004 -0.004 -0.003 -0.003 -0.003 -0.003 
(StE) 0 .003 0.003 0. 003 0 .003 0 . 003 0 . 003 0 .003 0 . 003 0.003 0.003 0.003 
B age -0.007 -0.006 - 0 . 006 -0.006 -0.005 -0.004 -0.004 -0. 004 -0. 004 -0.004 -0. 004 
(StE) 0. 002 0.002 0 . 002 0 .002 0 . 002 0 . 002 0 .002 0 . 002 0.002 0.002 0.002 
Healthy Ln Rrs2B Ln RrsJo Ln Rrs32 Ln R,..34 Ln Rrs36 Ln Rrs3B Ln Rrs40 Ln Rrs42 Ln Rrs44 Ln Rrs46 Ln Rrs48 
Constant 2 . 105 2 . 1 5 1  2 . 23 1  2 . 286 2 . 2 1 1  2 . 394 2. 340 2 .422 2.444 2.466 2. 542 
(StE) 0 . 259 0.256 0 . 245 0 . 242 0 . 240 0. 232 0 .252 0 . 248 0 . 244 0. 250 0. 240 
B height -0 . 002 -0.003 - 0 . 002 -0.003 - 0 . 002 -0.003 -0.003 -0.003 -0.003 -0. 004 -0.003 
(StE) 0 . 003 0.003 0 . 003 0 .003 0 .003 0 . 003 0 .003 0 . 003 0 . 003 0 . 003 0.003 
B age -0. 004 -0.004 -0.005 -0.004 -0 . 004 -0. 004 -0.004 -0.004 -0.004 -0. 004 -0.004 
(StE) 0 . 002 0 . 00 2  0 . 002 0 . 002 0 .002 0 . 002 0 .002 0 . 002 0 .002 0 . 002 0 . 002 
Appendix lla. regression equations for X,.. (X,.= constant+ B *height (em)+ B *age (months)) children <72 months 
Healthy xrs6 xrsa Xrs!O xrs12 xrs14 xrs15 Xrs!B xrs20 xrs22 xrs24 xrs25 
--
--
Constant - 1 1 .080 -8. 568 -7. 042 - 5 . 695 -6. 780 -7.050 -5 . 623 - 5. 868 -4. 574 - 3 . 6 1 2  -3.303 
(StE) 2.783 2 . 120 2 . 323 2.003 2 . 285 1 .989 2 . 038 2. 136 1 . 862 1 . 601 1 . 555 
B height 0 . 044 0 . 043 0 . 021 0.018 0.025 0.03 0 . 0 1 7  0 . 0 1 8  0 . 007 0 . 008 -0.001 
(StE) 0 . 033 0 . 025 0. 028 0 . 024 0. 027 0. 024 0 .024 0 . 025 0 .022 0.019 0 . 0 1 8  
B age 0 . 062 0 . 03 1  0.050 0 . 037 0.042 0. 042 0 . 049 0.055 0 .064 0 . 054 0 .068 
(StE) 0 .022 0 . 0 1 7  0 . 0 1 8  0.016 0 . 0 1 8  0 . 0 1 6  0 . 0 1 6  0 . 0 1 7  0 . 0 1 5  0 . 0 1 3  0 . 0 1 2  
---
Healthy xrs28 xrs30 x .. 32 x .. 34 xrs35 xrs38 xrs4o xrs42 xr$44 xrs45 xrs48 
-
Constant -2.005 -0.949 - 1 . 3 2 1  -0. 893 0 . 736 -0.153 0 . 77 1  -0.053 1 . 690 2 . 542 1 . 718 
(StE) 1 . 447 1 . 3 1 6  1 . 585 1 . 520 1 .493 1 . 535 1 . 790 1 .637 1 . 646 1 . 578 1 .666 
B height -0 . 003 -0.003 -0.003 -0 .007 -0.013 -0.002 -0.017 -0.006 -0.015 -0.014 -0.012 
(StE) 0 . 0 1 7  0 . 0 1 6  0 . 0 1 9  0.018 0.018 0 . 0 1 8  0 . 02 1  0 . 0 1 9  0 . 020 0 . 0 19 0. 020 
B age 0 .058 0.048 0 . 057 0 .060 0. 050 0.046 0 . 060 0 . 053 0 . 049 0 . 036 0.047 
(StE) 0 . 0 1 1  0 . 0 1 0  0 . 0 1 2  0 . 0 1 2  0 . 0 1 2  0 . 0 1 2  0.014 0 . 0 1 3  0 . 0 1 3  0 . 0 1 2  0 . 0 1 3  
Appendix lib. regression equations for X ,. .  (X,.= constant+ B *height (em)+ B *age (months)) children <:!: 72 months 
Healthy xrs6 xrsa x ... to xrs12 x .. 14 xrs16 Xrs!S xrs20 xrs22 xrs24 xrs25 ;:a ID 
- - ;;' 
Constant -4.991 -4.478 -4. 384 - 3 . 900 -3 .964 -3.365 -3.009 -2.417 - 1 . 488 -0. 788 -0. 139 .., ID 
(StE) 0 . 5 1 2  0 . 480 0 . 5 1 6  0 . 5 19 0 . 568 0.520 0 . 545 0 . 529 0 . 5 1 9  0. 538 0 . 502 ::I 
B height 0 . 0 1 9  0 . 0 1 8  0 . 0 1 7  0 . 0 14 0 . 0 1 3  0 . 0 1 2  0 . 0 1 3  0 . 0 1 2  0.010 0. 009 0 .006 n ID 
(StE) 0 . 006 0 . 005 0 . 006 0 . 006 0. 006 0.006 0 .006 0 . 006 0 .006 0.006 0. 006 < 
B age 0 .009 0.009 0 . 0 1 2  0 . 0 1 3  0 . 0 1 5  0 . 0 1 3  0 . 0 1 2  0 . 009 0 .006 0.005 0. 005 Ill c (StE) 0. 003 0 . 003 0. 004 0. 004 0 . 004 0 . 004 0 . 004 0. 004 0. 004 0. 004 0.003 ID Ul 
Healthy xrs28 xrs30 xrs32 x .. 34 xrs36 x .. 38 xrs4o xrs42 xrs44 xrs45 xrs4s 0' .., 
., 
Constant 0 . 578 1 . 097 1 . 755 1 . 757 2 .624 2.967 2.946 2 .895 3 . 643 3 . 771 4 . 092 0 
(StE) 0 . 533 0 . 544 0 . 530 0. 557 0 . 557 0 . 546 0 . 584 0 . 588 0 .630 0 . 670 0.650 -t 
B height 0. 005 0 . 004 0 . 000 0.001 -0. 004 -0. 006 -0.004 -0.005 -0 .005 -0.005 -0. 006 
:r 
(StE) 0.006 0 . 006 0 . 006 0 . 006 0 . 006 0.006 0 . 007 0.007 0. 007 0 . 008 0 . 007 n :r 
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Children exposed to environmental tobacco smoke, during or after pregnancy, 
are known to have decreased lung function . So far this has been measured using 
spirometry in schoolchi ldren and invasive techniques in  newborns. The interruption 
technique (Rint) is a noninvasive technique to measure a irway resistance in 
preschool chi ldren . Our aim in this study was to investigate the effect of passive 
smoke exposure on Rint va lues in preschool and schoolaged children . Rint values 
were obtained from 557 ch i ldren in two nursery and two primary schools in the 
north of the Netherlands. Besides information on parental smoking habits, we 
collected data on characteristics that might affect a irway resistance ( respiratory 
symptoms, atopy, and family history for asthma), using a short questionna ire .  
Multiple l inear regression was used to estimate the associations of these 
characteristics with Rint, for the whole group as well as for the preschool group 
separately. Atopy or a positive family history for asthma did not affect Rint va lues 
in the tota l group of 4-12-year-olds. However, as may be expected, height, age, 
weight, and having respiratory symptoms were associated with Rint. Moreover, 
Rint was sign ificantly increased if parents smoked three or more cigarettes a day 
in the presence of their chi ld.  This result remained after subgroup analysis in the 
preschool chi ldren ( 4-6 years old). We conclude that passive smoke exposure is 
associated with a sign ificantly higher a irway resistance in preschool and school ­
aged ch i ldren measured by Rint. 
INTRODUCTION 
The interruption technique (resistance by interruption, or Rint) is su itable for 
measuring lung function under age 6 years, because of its noninvasive quality. 1 
This measurement of resistance of the a irways is easily performed and requires 
only passive cooperation of the chi ld. The technique, in use in the pediatric setting 
since the 1980s,2 was shown to be significantly associated with other lung function 
techniques. Several research groups3•4 showed highly sign ificant (negative) 
correlations between Rint and spirometric parameters, and between Rint and 
resistance measured by plethysmography. Oswald-Mammosser et a l . 5 also found 
a correlation between Rint and plethysmography in ch i ldren with asthma or 
cystic fibrosis; Rint, however, seemed to underestimate a irway obstruction . This 
underestimation increased with severity of obstruction.  The interruption technique 
is reproducible in  healthy and asthmatic chi ldren, regardless of age and sex,6 and 
can be used to measure impairment in lung function and changes in lung function, 
e .g ., during reversibil ity testing .7·8 
Reference va lues for the interruption technique were col lected by several 
groups . 1 •9• 10 In these studies, airway resistance in hea lthy ch i ldren was related to 
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height, age, weight, or bronchoconstriction.  
Passive cigarette-smoke exposure during pregnancy is known to have a negative 
effect on the development of airways of chi ldren .  Newborns exposed to cigarette 
smoke in  utero were shown to have worse lung function than nonexposed 
infants. 11-13 Using a rapid thoracic compression technique to measure flow-volume 
curves by actively compressing the sedated infants chest, Young et a l . 14 found a 
reduced maximal flow at functional residual capacity (VmaxFRC) in 466 infants 
whose mothers had smoked during pregnancy. The same authors also showed 
greater a irway hyperresponsiveness in smoke-exposed newborns as compared to 
nonexposed infants. 15 Further, it was recently shown that reduced lung function 
in 7-18-year-olds is associated mainly with asthma or smoke exposure in utero. 16 
Chi ldhood exposure to environmental tobacco smoke (ETS) seems also to be 
associated with worse lung function. Lung function ind ices are lower in chi ldren 
exposed to ETS compared to nonexposed ch i ldren, as measured by spirometry. A 
meta-analysis of 22 crosssectional studies showed a 1 .4% reduction of expected 
forced expiratory volume in 1 sec (FEV1) in ETS-exposed ch i ldren, and effects on 
expected mid- and end-expiratory flow rates were even larger (5%)? These small 
deficits in lung function are predictive of reduced lung function later in  l ife. 18 
ETS exposure in this meta-ana lysis was mainly due to maternal smoking. However, 
in households where the father is the only smoker, chi ldren have an increased risk 
for respiratory symptoms. This suggests that passive smoking after birth may 
have a negative effect on chi ldhood lung function . 19 
Moreover, several studies showed an increase in respiratory symptoms in ETS­
exposed chi ldren. 19 Furthermore, symptoms l ike coughing and wheezing occur 
less frequently after parents stop smoking. 20 
So far, the effect of exposure to ETS on lung function in chi ldren has only been 
examined in sedated newborns using the rapid thoracic compression technique or 
in  schoolchi ldren using spirometry. In this study, we assessed the effect of passive 
smoke exposure on normal (reference) Rint values in preschool and school-aged 
chi ldren. Our hypothesis was that in ETS-exposed children, Rint values wi l l  be 
higher. 
MATERIALS AND M ETHODS 
Two nursery and two primary schools in the north of the Netherlands participated 
in this study. Parents of all chi ldren were informed during an information and 
demonstration evening, and by letter. We included al l  ch i ldren whose parents gave 
written informed consent. Twelve-year-old chi ldren gave written informed consent 
themselves as wel l .  The study was performed between September 2001- February 
2002. The Medical Ethics Committee of the University Hospital of Groningen 
approved the study. 
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Table 1.  
Questionnaire 
Did your child experience respiratory symptoms such as cough,wheeze, or shortness of 
breath? 
Does your child suffer from hay fever or eczema? 
Does anyone in your family suffer from asthma or eczema? 
Was your child ever in an intensive care unit? 
Was your child born after less than 37 weeks of gestation? 
Do any of the parents smoke 3 or more cigarettes a day in the presence of your child? 
Questionnaire 
Parents of the participating children fi l led in a questionnaire (Table 1 )  asking for 
information on airway symptoms, medical history of the ch i ldren, and family 
history of asthma or eczema. All questions could be answered by yes or no. We 
did not col lect specific information on the duration, frequency, and nature of 
respiratory symptoms. In order to gather information about parental smoking, we 
asked whether one or both parents smoked three or more cigarettes a day i n  the 
presence of their ch i ld .  
Rint Measurement 
All measurements were carried out voluntarily. The ch i ldren were weighed 
(clothes on, shoes off), and standing height was measured . Al l ch i ldren performed 
five consecutive Rint measurements during unforced, quiet expiration. We 
used the MicroRint (Micro Medical Ltd ., Rochester, UK), a portable device that 
measures a irway resistance by measuring pressure and flow at the mouth 
using a pneumotachograph. Interruption of airflow was triggered at peak tidal 
expiratory flow. This technique was described previously.21 All participants used a 
clean disposable mouthpiece . We used the median of five technically acceptable 
measurements for ana lysis, as recommendedY Measurements were rejected when 
the computer indicated a leakage of air, when children used their vocal cords, or 
when a overflow had occurred (when ch i ldren, instead of qu ietly breath ing, expired 
powerful ly).  All measurements were performed while the child sat upright and the 
researcher supported the child's cheeks and mouth floor, to prevent a ir  shunting 
in the upper airways. Chi ldren wore a noseclip during the measurements. 
In chi ldren who were able to perform spirometry, FEV1 was determined as wel l .  
Data Analysis 
In order to translate the collected absolute Rint va lues into reference va lues, we 
used multiple l inear regression analysis in SPSS, resu lting in an equation for a 
straight l ine "y= B1X1+B2X1+ . . .  +C," where C is a constant ( intercept with y-axis) 
and B ( regression coefficient) is the slope of the regression l ine. All models were 
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checked for normality by visual inspection of the residuals. 
Height, weight, sex, and age were included as independent factors. Other possible 
relevant variables that were gathered by the questionnaire and added to the 
ana lysis as independent factors were : present or past airway symptoms (cough, 
shortness of breath, or wheeze) ;  atopy (eczema or hay fever) ; having first­
degree relatives with asthma or hay fever; an intensive care history (not further 
specified) ;  gestation of less than 37 weeks; and having one or two parents who 
currently smoke three or more cigarettes a day in the presence of their chi ld .  All 
these factors were entered simultaneously to be sure they adjusted for each other. 
We additional ly ana lyzed preschool ch i ldren aged 4-6 years as a separate group. 
Results are given as a regression coefficient ( B) with its 95% confidence interval 
(CI) and P-va lue. P-va lues less than 0 .05 were considered statistical ly significant. 
To control the qual ity of measurements, associations between Rint and FEV1 were 
determined in those subjects able to do both measurements, using Pearson's 
correlation coefficient. 
RESULTS 
Eighty-five percent of the school popu lation agreed to participate. Parents of a l l  
641 participants filled in the questionnaire, and 557 (87%) children aged 4.1- 12 .9  
years (52% boys, mean (SO)  age :  8 .5  ( 2.3) years, height 135.7 ( 15.8) em,  and 
weight 32 . 1  (9 .9)  kg) were ab le  to perform Rint measurements in  a technically 
adequate manner and were included in  the study. The vast majority of chi ldren 
were Caucasian, representative of regional demographics. Mean (SO) Rint va lue 
for a l l  chi ldren was 0 .53 (0.2) kPa/1/sec. Thirteen percent of these children had 
recent or current a irway symptoms, of which one sixth were reported to have 
asthma or to be using asthma-medication. Eighteen percent had eczema or hay 
fever, 13% had a positive family history for asthma, 15% of the parents reported 
that one or both smoked three or more cigarettes a day, 2% of the ch i ldren had 
been in an intensive care unit for various reasons, and 4% were born at less than 
37 weeks of gestation (Table 2) .  
The multiple regression ana lysis (Table 3)  showed that age, height, and weight 
sign ificantly determine Rint va lues. 
Older age and ta l ler height were associated with lower Rint values. A higher 
weight was associated with higher Rint values after correcting for height and age. 
Table 2. Questionnaire Results, Where Documented Characteristics M a y  Overlap 
Coughing, wheezing, Hay fever/ Positive family Gestation Intensive care Parent(s) smoke 

















Table 3. Multiple Linear Regression : All Variables 
95% CI for B 
B P-value Lower bound Upper bound 
Constant 1 .88 <0.001 1 .65 2 .09 
Age (months) 0 .001 0 .012 0 .003 <0 .001  
Sex ( 1=gi rl, O=boy) 0 .007 0 .538 0 .016  0.031 
Height (em) 0 .01  <0.001 0 .012 0 .007 
Weight (kg) 0 .004 0 .003 0.001 0 .007 
Symptoms (yes=1,  O=no) 0.02 0 .038 0.001 0 .068 
Atopy (yes= 1,  O= no) 0 .003 0 .586 0 .014 0 .008 
Positive family history 0 .006 0 .733 0 .042 0 .029 
Short gestational age 0 .01  0 .651  0 .047 0 .075 
Intensive care history 0 .02 0 .593 0.06 0 . 1 1  
Parents smoke �3 cigarettes 0 .04 0 .013 0 .009 0 .076 
(yes= 1,  0= no) 
R2=57%. B, Regression coefficient; CI, confidence interval .  
Table 4. Multiple Linear Regression : Significant Variables 
95% CI for B 
B P-value Lower bound Upper bound 
Constant 1 .88 <0.001 1 .66 2 .09 
Age (months) 0 .002 0 .010 0 .003 <0.001 
Height (em) 0 .01  <0 .001 0 .013 0 . 007 
Weight ( kg)  0 .004 0.002 0 .002 0 . 007 
Symptoms (yes= 1)  0 .018 0.050 0 .000 0 .035 
Parents smoke �3 cigarettes 
(yes= 1)  0 .044 0.009 0 . 0 1 1  0 .077 
R2=56%. B, Regression coefficient; CI, confidence interval .  Rint (kPa/1/sec)= 1 .880-002 x 
age (months) -0.01 x height (em) + 0.004 weight ( kg) + 0 .018 when symptomatic + 0 .044 
when parent(s) smoke �3 cigarettes a day. 
Furthermore, children with respiratory symptoms had significantly higher a irway 
resistance. 
Having one or two parents who smoke three or more cigarettes a day was also 
associated with sign ificantly higher Rint values. All other factors (atopy, fi rst-degree 
relatives with asthma or hay fever, an intensive care history, and gestation of less 
than 37 weeks) were not associated with Rint. All characteristics just mentioned 
were corrected for each other. Table 4 shows only the sign ificant independent 
factors. R2 (expla ined variance) for this model is 57%, where height accounts by 
far for the largest part of the explained variance .  Having one or two parents who 
smoke three or more cigarettes a day increased Rint by 0 .04 kPa/1/sec (CI, 0 .01-
0 . 07), a relative increase of  7% of  the mean.  This finding was seen i rrespective of 
whether chi ldren had respiratory symptoms or not: in the current study, no more 
respiratory symptomatic children were found in the ETS-exposed group, using a 
chi-square test (P=0 .6) .  
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Figure 1. Effect of ETS exposure on l inear regression of Rint vs. height. 
In Figure 1, Rint values are shown according to height. 
Overal l ,  ch i ldren with parents who smoke had higher Rint va lues compared to 
those with non-smoking parents. Mean Rint va lue of the 180 4-6-year-olds was 
0 .  70 (SD, 0. 18) kPa/1/sec. When we ana lyzed this subgroup of preschool chi ldren 
separately (Table 5), ETS-exposed ch i ldren (in 1 1% of cases) sti l l  appeared to 
have significantly higher Rint va lues by 0 .09 kPa/1/sec (CI, 0 .02-0 . 17) ,  a relative 
increase of 13% of the mean Rint va lue in this age group. 
This subgroup analysis a lso showed that age and weight are not significantly 
associated with Rint in preschool ch i ldren, but preschool g irls have higher Rint 
values than boys (P=0.02) .  
Rint and FEV1 va lues highly correlated (Pearson's r=-0.67, P<0.001)  in  462 subjects 
who performed both measurements (aged 5-12 years) .  Contrary to Rint values in  
school-aged chi ldren, FEV1 was not different in  the ETS-exposed group, corrected 
for age, height, weight, sex, symptoms, and family history. In these school-aged 
Table 5.  Subgroup Analysis: Multiple Linear Regression in 4-6-Year-Oids, n= 180 
Constant 
Sex (girl = 1 ,  boy=O) 
Height (em) 
Symptoms (yes=1)  
Parents smoke 3 cigarettes 




0 .01  
0 .03 
0 . 09 
95% CI for B 
P-value Lower bound Upper bound -----
<0.001  
0 .016  




0 .01  
0 .014 
0 .001 
0 . 0 1 5  
2.28 
0 . 1 1  
0 .006 
0 .068 
0 . 17 
R2=25%. B, regression coefficient; CI, confidence interval .  
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children, significant influencing variables for FEV1 were sex, height, and weight 
(P-values, respectively, of 0 .02, <0 .001 ,  and 0 .001) ,  whereas significant variables 
for Rint were age, height, weight, and again whether parents smoked three or 
more cigarettes a day (P=0.007) .  
DISCUSSION 
We found a sign ificantly higher a irway resistance in ETS-exposed ch i ldren measured 
by the interruption technique compared to nonexposed children. This was not only 
the case in school-aged children but also in preschool chi ldren .  To our knowledge, 
this association of ETS exposure with lung function in  preschool children has not 
been described before using noninvasive lung function techniques such as Rint. 
The result of our study strengthens the finding that ETS exposure in  childhood 
damages the respiratory system. It leads to smaller-cal iber airways with a higher 
resistance for a irflow. 
We found that having one or two parents who smoke three or more cigarettes 
a day is significantly associated with Rint values : ch i ldren aged 4- 12 years with 
smoking parents have a Rint va lue of 0 .04 kPa/1/sec higher than ch i ldren of 
the same height, weight, age, and sex who do not have smoking parents. This 
association seems to diminish in the tal lest ch i ldren (Fig . 1 ) ,  which is probably 
due to a lack of power on this end of the scale due to a relatively small number of 
children over 165 em (n= 10) .  
A subgroup of ch i ldren aged 4-6 years have a Rint va lue that is  0 .09 kPa/1/ 
sec higher than their peers with parents who do not smoke or smoke less than 
three cigarettes a day. In both groups, this means a relatively higher Rintva lue 
of 7-13% of the mean .  It is difficult to assess the clin ical value of this difference. 
One way to do this would be to compare the changes we found with changes 
in Rint in long itudinal intervention studies. Only two studies were performed to 
investigate changes in Rint as outcome parameter for treatment with inhaled 
corticosteroids. 23•24 Both studies were executed in preschool asthmatic chi ldren. 
Both studies did not expl icitly state a clinical  significant difference, but found 
differences of 8% and 7 .6% Rint-reduction of baseline, respectively. The difference 
in Rint of 13% we found in mainly healthy preschool children is even larger than 
the decrease of Rint induced by inhaled corticosteroids (ICS) in asthmatic chi ldren, 
and therefore seems clin ically relevant. 
The higher Rint values we found are consistent with the results that were found 
in  effects of ETS exposure in  spirometric indices : other research groups found 
an average decrease of FEV1 by 1 .4% and decreased midexpiratory flow rates 
of 5%? In studies by Lombardi et a l . 9  and Merkus et a l . 1 to col lect reference 
va lues for Rint in preschool chi ldren, no effect of passive smoke exposure on Rint 
was found.  This might be due to the fact that in the first study, the crude data of 
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the exposed group were compared to the nonexposed group without correcting 
for age, height, and weight. In the second, a bias due to selective smoking or 
undetectable changes in Rint values due to the smal l  size of the group (n=54) 
is suggested . McKenzie et a l . 10 did not ask about ETS exposure when collecting 
normative values. 
Besides this association of ETS exposure with Rint values, we found that having 
respiratory symptoms tends to increase Rint as well, regardless of ETS exposure. 
Th is is what one might expect, even though the few children who used asthma 
medication continued using it during the study. Contradictory publ ications have 
appeared on the effects of common colds or virus infection on the airways. 
Some found a decreased FEV1,
25•26 whi le others found no effect on the lower 
respiratory tractY However, Rint does seem to be highly predictive in asthmatic 
preschool chi ldren, especial ly after challenging the a irways.28 
Unfortunately, we were not informed as to the exact nature of respiratory symptoms 
of some of the subjects, and therefore cannot distingu ish between asthmatic and 
infectious causes . 
Contrary to previous reports,Z9 we found increased airway resistance in preschool 
girls compared to boys, adjusted for potential confounding factors. Recent studies 
showed no difference in Rint between preschool boys and g irls .8•10 We did not collect 
data on race because almost a l l  inhabitants of the study region are Caucasian. 
Race will therefore probably not influence the analyses. 
In this cross-sectional study, we used a questionnaire to gather information about 
smoking habits of the parents. Although salivary or urine cotinine concentration 
or nicotine measurements in hair might seem to be a more val id way to do this,30 
Cook et a l . 31 showed that their superiority is debatable in a cross-sectional study. 
They showed an inverse relation between spirometric indices and both cotin ine 
concentration and a questionnaire measure of passive smoke exposure. The 
passive smoke exposure determined by questionnaire was even more strongly 
related to the FEVJFVC ratio than were the other exposure measurements.31 
However, the fact that only 15% of parents reported smoking three or more 
cigarettes a day in the presence of their child seems low.J2 Many parents claim 
they only smoke when their child is not around, and some might answer this 
question with a bias due to social desirabil ity, and deny their smoking habit. In 
order to be as truthful ly informed about smoking habits as possible, we embedded 
the question about smoking habits in the questionnaire without emphasizing it. If 
parents sti l l  felt the need to deny their smoking, we might even underestimate the 
effect of ETS exposure on airway resistance in  this group of chi ldren .  
Because we asked about current smoking habits of the parents, we cannot make 
assumptions about the onset mechanism for the higher a irway resistance that we 
found in this study. To d isentangle the effects of smoking during pregnancy and 
effects of ETS exposure in  l ife, we need to col lect data on smoking habits during 
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and after pregnancy. As mentioned before, the damage probably occurs during 
pregnancy as well as after birth . 
We cannot draw conclusions about a dose-response effect because we have no 
information on the exact number of cigarettes smoked by the parents. One would 
expect a more deteriorated lung function after higher exposure to ETS. In a study 
mentioned earlier,31 a dose-response relation was described in a large popu lation 
of 5-7-year-old children .  A significant decl ine in spirometric indices was visible 
when sal ivary cotinine concentration increased or when the number of smokers in 
the surroundings of the exposed child increased . 
As indicated by studies that col lected reference va lues for Rint, height, age, and 
weight are, next to respiratory symptoms, the most important predictors for Rint 
values. 
However, in  the current study, when adjusted for these factors, smoking three or 
more cigarettes a day by one or both parents in  the presence of their child was 
shown to be sign ificantly associated with h igher airway resistance measured by 
the interruption technique, in schoolchi ldren as well as in preschool ch i ldren .  
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Bronchopulmonary dysplasia (BPD) is a common adverse outcome of very premature 
birth . BPD infants suffer prolonged oxygen dependency, troublesome respiratory 
symptoms, lung function abnormal ities at fol low-up and related problems including 
pulmonary and systemic hypertension, neurodevelopmental delay and conductive 
hearing loss . There are many risk factors for BPD development, including oxygen 
toxicity, volutrauma and infection as well as prematurity. Studies in animal models 
have demonstrated these factors lead to the inflammatory pulmonary response 
seen in infants with BPD. In add ition,  it has been highl ighted that abnormal vascular 
development may lead to impaired lung growth . Nowadays, infants are described 
as having "new" BPD with abnormal ities of lung growth being more prominent 
than the fibrosis and smooth muscle augmentation of the airways seen previously 
in  severe or classical BPD. Preventative strategies have largely been aimed at 
preventing or min imising lung injury and have had l imited success. Despite many 
randomised trials, the optimum ventilation mode with regard to preventing BPD 
has not been identified and, a lthough systemical ly administered corticosteroids in 
the first 96 hours after birth are efficacious, concerns regarding serious adverse 
effects preclude their use .  Supplementary oxygen is the mainstay of treatment 
for BPD infants, but further work is necessary to identify the optimum oxygen 
saturation level, particu larly in infants with pulmonary hypertension.  On current 
evidence,  the use of medications in BPD infants should be individua lised and only 
continued whilst there is evidence of a clinical ly important response. Research 
areas regarding prevention of BPD which merit further investigation are antioxidant 
supplementation, resolution of lung injury by neutrophi l  apoptosis, treatment of 
antenatal ly acquired infection and prophylactic administration of nitric oxide to 
promote angiogenesis and alveolarisation . 
I NTRODUCTION 
Bronchopulmonary dysplasia ( BPD) represents a spectrum of disease, whereby 
infants remain oxygen dependent for prolonged periods and have abnormal chest 
rad iological  findings. A variety of names, including chronic lung disease (CLD) 
of prematurity, have been given to this condition.  The consensus at an National 
Institute of Child Health and Human Development (NICHD) sponsored workshop 
was to use the term BPD to describe all prolonged oxygen dependent infants, as BPD 
rather than CLD better distingu ishes the neonatal lung process from chronic lung 
i l lnesses seen in  later life. 1 The first report of BPD was by Northway et a l ,  describing 
four stages of BPD accord ing to a sequence of chest rad iograph changes. 2  Since 
then, the spectrum of disease has changed with the introduction of new modes 
of mechanical ventilation with gentler del ivery of pressure and volume, routine 
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administration of treatments such as surfactant and the surviva l  of extremely 
prematurely born infants. The incidence of BPD in very low birthweight infants has 
been reported to vary from 1 5  to 50%, the differences relate to the proportions of 
very immature infants included in the populations studied and the definition of BPD 
used . The incidence of BPD is inversely related to gestational age.3 Various criteria 
have been used to diagnose BPD including oxygen dependency at 28 days of age 
or 36 weeks post-menstrual age (PMA) and the chest radiograph appearance. A 
consensus regarding definition would permit comparisons between centres and 
with historical data . At the NICHD sponsored workshop, it was proposed that 
babies should be considered to have BPD if they had been oxygen dependent for 
at least 28 days and then be classified as suffering from mild, moderate or severe 
BPD according to their respiratory support requirements at a later date. 1 
In this a rticle, we summarize the long-term morbidity associated with BPD, which 
emphasises the need for successfu l preventative strategies. We have described 
models currently used to i nvestigate the pathogenesis and efficacy of therapies 
and the qua lity of evidence supporting current prophylactic therapies and BPD 
treatments. Importantly, we highl ight the important future research questions. 
Models of BPD 
• Animal models have significantly improved our understanding of the 
development and prevention of BPD, but positive effects in  animal models do 
not necessarily translate into cl inical ly meaningful outcomes in  prematurely 
born infants. 
Using prematurely delivered baboons and lambs, the responses to i njuries 
inflicted antenatal ly (e .g .  amniotic injections of bacterial toxin or microbes 
such as Ureaplasma urealyticum) or postnatal ly (oxygen supplementation or 
mechanical venti lation) have been i nvestigated . The baboon model, a lthough 
very expensive, is the closest model to the human premature infant. Rodent and 
rabbit models of BPD have also been used ; these are easier to handle. There are, 
however, l imitations to animal models, these include d ifferences in lung growth 
and development compared to the human infant. In addition, animal models 
are del ivered at predetermined times, whereas human infants frequently deliver 
fol lowing preterm labour and factors which lead to preterm labour may also prime 
the fetus to lung injury. 
Pathology of BPD 
• The pathology of infants with BPD has changed over the last four decades 
from so ca l led "classica l"  to "new" BPD, reflecting differences in the patients 
and the therapies used. 
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Figure. Chest radiograph of an infant with severe BPD, note the gross widespread intersti­
tial changes. The infant a lso has osteopenia 
When Northway described classical BPD, his population was relatively mature 
and they responded to the risk factors for BPD with fibrosis and smooth muscle 
augmentation of medium sized airways, resulting in a irway obstruction . The 
present popu lation of BPD infants are often born very prematurely and lung fibrosis 
is replaced by abnormal ities of lung growth with less smooth muscle encircl ing 
larger airways, but markedly decreased numbers of alveol i ,4·5 this is often termed 
"new" BPD. As a consequence, the chest radiograph appearance has changed 
from one which demonstrated cystic abnormalities and interstitial fibrosis (figure) 
to often one showing only smal l  volume hazy lung fields. The differing responses 
to the risk factors for BPD may reflect that the more mature BPD infants described 
by Northway et al were del ivered at a relatively late stage in the development of 
the lung with alveolarisation having commenced, whereas the more prematurely 
born infant may be del ivered in the saccu lar stage of development. 
Pathogenesis 
• Lung inflammation is important in the pathogenesis of BPD 
The neutrophi l is central in  mediating this inflammation and many proinflammatory 
cytokines, such as interleukin-15 (IL-15) ,  interleukin-6 (IL-6) and the neutrophi l 
chemotactic factor interleukin-8, are increased in  babies who develop BPD.6•7 
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Furthermore, products from activated neutrophils, such as proteases and reactive 
oxygen species, have been described in infants who develop BPD. The inflammatory 
phase may commence antenatal ly, infection being the most l ikely initiator. Yoon 
and col leagues8 described increased proinflammatory cytokines, including IL-l ,  
IL-6 and  TNF-alpha, in  the amniotic fluid of women who subsequently delivered 
prematurely and whose infants progressed to develop BPD. Resolution of the acute 
lung injury appears to be mediated by alveolar macrophages, the numbers increase 
during the second week after birth in infants who develop BPD. Macrophages 
synthesise and release growth factors, which lead to repair and remodell ing of 
the injured lung.  The same growth factors are involved in normal lung growth, 
thus it is l ikely that they are responsible for the dysregulated lung growth that is 
observed in  infants who develop BPD. 
Any of the risk factors for BPD described below can lead to the inflammatory 
pulmonary response seen in animal models. The challenge is to understand why 
the very immature infant responds to simi lar insu lts with greater pulmonary 
injury than the relatively mature infant. Is it that the extremely preterm infant's 
lungs are simply fragile and are severely injured despite use of relatively low 
venti latory pressures or is it because their enzymatic systems (anti-oxidant, 
protease, neutrophil apoptosis) are too immature to cope with the inflammatory 
insu lt? An alternative theory for the dysregulated lung growth seen in infants who 
develop BPD is that their vascular development may be abnormal which leads to 
abnormalities of lung growth . In a series of experiments in rodents, Abman and 
col leagues demonstrated that chronic inhibition of vascu lar endothelial growth 
factor (VEGF) receptors led to pulmonary hypertension, as well as abnormal lung 
growth .9 The angiogenic growth factor vascular endothelial growth factor (VEGF) 
is a potent endothelial cel l  growth and permeabil ity factor and highly expressed 
in the lung. Expression of d ifferent VEGF isoforms and their receptors (Fit- 1  and 
Flk-1 )  appear to be developmenta l ly regulated, with increased expression toward 
term coincident with the phase of active microvascu lar angiogenesis. VEGF and 
its receptors are sign ificantly decreased in  BPD, possibly leading to fai lure to 
expand the capi l lary network. Interesting ly, addition of nitric oxide to the rodent 
model led to improved alveolarisation . 10 It is l i kely that injury to either epithelial 
cells or endothelial cells will disrupt the normal pattern of lung development and 
maturation. 
BPD infants can develop pulmonary hypertension. The exact mechanisms are 
incompletely understood, but are related to interactions between the d isruption 
of lung vascu lar growth and development by premature birth, acute injury and 
an inabi l ity to achieve normal postnatal adaptation of the lung circulation after 
birth. In a baboon model of BPD, disruption of lung vascu lar growth was evidenced 
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by abnormalities in microvascu lar development, angiogenic growth factors, and 
endothelial cel l receptors, which resulted in dysmorphic capi l laries .U  Structural 
changes in the lung vascu lature contribute to high pulmonary resistance through 
narrowing of the vessel diameter and decreased vascu lar compliance. 12 In addition 
to those structural changes, the pulmonary circulation is further characterised 
by abnormal vasoreactivity and by decreased angiogenesis. The development of 
pulmonary hypertension may also relate to an inabi lity to achieve normal postnatal 
adaptation of the lung circulation .  This was evaluated in a postmortem study 
of distal lung specimens from chronica l ly ventilated preterm and control lambs.  
Prolonged mechanica l venti lation was associated with inhibition of the normal 
postnatal decrease in pulmonary vascu lar resistance and led to lung oedema .  The 
mechanism responsible for the excess lung fluid is not clear; possible explanations 
include abnormal protein permeabil ity and increased fi ltration pressure in the 
pulmonary circu lation .  It is a lso l ikely that the reduced number of lung microvessels, 
through which the blood must flow, contribute to excessive fi ltration pressure and 
accumulation of lung fluid. These abnormal ities of lung vascu lar development, 
overgrowth of vascular smooth muscle and decreased number of small blood 
vessels, have been described in infants with severe BPD. 
Risk factors for BPD 
• There are many risk factors for the development of BPD 
These include prematurity, low birthweight and a genetic predisposition, including 
possibly a family history of atopy. Most attention, however, has focussed on the role 
of supplementary oxygen therapy and mechanical ventilation. Both are important 
antecedents of lung injury; in many animal models, increased reactive oxygen 
species and barotrauma/volutrauma result in an inflammatory response similar to 
that seen in the lungs of the prematurely born infant. Data from an imal models 
suggest that the preterm mammal is susceptible to damage from volutrauma in 
the first minutes after birth . Bjorklund et al13 found that six inflations of 60cmHp, 
each lasting five seconds, given to preterm lambs before the administration of 
surfactant resulted in lower compliance for the next four hours and worse lung 
h istology than seen in controls. Five sustained inflations of 8, 16 and 32 mls/ 
kg resulted in dose dependent lung damage in  preterm lambs, but even those 
receiving Sml/kg, similar to the volume generated by the spontaneous breath ing 
term infants, had worse lung mechan ics that the non intubated controls. 14 These 
effects are l ikely to be due to volutrauma rather than barotrauma, as similar 
experiments on adult rats and i nfant rabbits15 have highl ighted that lung i njury 
can largely be eliminated by restricting chest wall expansion with either rubber 
bands or plastercasts. Patent ductus arteriosus (PDA) and fluid overload have 
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been impl icated in the pathogenesis of BPD. Excess fluid and the increased 
microvascu lar permeabilty with subsequent formation of pulmonary edema 
contribute to poor lung function with exaggeration of hypoxemia, hypercapnia 
and ventilator dependency. 
Recent attention has focused on infection, especia l ly antenatal infection, in 
causing lung injury in  susceptible infants. It is thought that antenatal infection 
in itiates an inflammatory response in  the fetal lung, which may prime the lung 
to greater lung injury when exposed postnata lly to mechanical ventilation and 
oxygen supplementation . Spontaneous preterm onset labour or prelabour, preterm 
rupture of membranes are thought to occur as a result of ascending infection 
from the vagina. Although a multitude of infections have been implicated in  the 
in itiating preterm labour, the results of antibiotic treatment of mothers presenting 
in preterm labour with intact or ruptured membranes have been disappointing. 16•17 
Ureaplasma urealyticum has been identified in the lungs of infants who develop 
BPD ; review of 17 studies demonstrated that the relative risk for BPD development 
in babies colonised with U urea/yticum was 1 .72 (95% CI 1 .5-1 .96) .  It is unclear, 
however, whether the organism is an innocent bystander or is causative of lung 
injury in vulnerable infants. 
Preventive strategies 
• Preventative strategies have been a imed at preventing or minimising lung 
injury and, more recently, promoting lung growth . 
• Large randomised trials have been undertaken with varying results : no 
positive effect on BPD, but other important clin ical benefits; a positive impact 
on BPD, but serious side-effects; no positive effects. The results of these 
trials need to be interpreted bearing in mind such factors as the adequacy of 
the controls and whether the results are l imited to particular populations. 
• Other strategies have been tested only in physiological studies, small 
randomised or non-randomised trials with short-term outcomes or their 
results compared to those of h istorical controls. Experience with patient 
triggered venti lation and high frequency venti lation highl ights such evidence 
does not necessarily translate into long-term benefits in randomised trials. 
• When considering the efficacy of preventative strategies it is important to 
consider that BPD may not be the correct outcome and respiratory status at 
fol low-up should be determined. 
Systematic reviews of many randomised trials have demonstrated that both 
antenatal administration of corticosteroids and postnatal surfactant significantly 
reduce the incidence of neonata l death and RDS, but do not favourably impact 
on the incidence of BPD. Arguably, this is because both therapies improve the 
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survival of very immature infants, who are a greatest risk of BPD. Whether the 
new generation of surfactants wi l l  be more efficacious with regard to BPD is not 
known. 
Many venti lation modes have been shown to have positive effects in  studies with 
physiological endpoints and even in some randomised trials. The inappropriateness 
of using the results of a single randomised trial to inform routine clinical practise is 
demonstrated by the experience with high frequency jet ventilation (HFJV) . In one 
study, HFJV was associated with a reduction in the incidence of BPD at 36 weeks 
and need for home oxygen18, but a second triall9 was ha lted for safety reasons, as 
infants exposed to HFJV as opposed to conventional ventilation had higher rates of 
severe intracranial haemorrhage ( 41% versus 22%) and periventricular leukomlacia 
(31% versus 6%). Certa in venti lation modes have been investigated in a number 
of randomised trials, but to date systematic review of such trials has fa i led to 
identify a mode with a substantial impact on BPD. For example, patient triggered 
compared to conventional venti lation was not shown to reduce BPD and the only 
positive effect was, if it was started in the recovery phase of RDS, to shorten 
weaning from mechanical ventilation. 20 It is possible that the l imited efficacy 
of patient triggered ventilation may reflect deficiencies in the ventilators and/or 
triggering systems used in the tria ls. Results from physiological studies suggest that 
adequate gas exchange is achieved at lower pressures and with less asynchrony 
using the newer triggered modes, whether this translates into less lung injury and 
better long term respiratory outcomes is not known . Interpretation of ventilation 
trials is complicated by differences in the way in which the venti lation modes 
have been used, as this can influence their efficacy. For example, high frequency 
osci l latory ventilation (HFOV) can be used either with a low volume strategy in 
which pressures are min imised with the hope of preventing damage due to baro/ 
volutrauma or a high volume strategy in which mean airway pressure is elevated 
to promote optimum alveolar expansion. Results from a surfactant deficient 
rabbit model demonstrated that the high volume strategy was associated with less 
damage to the lungs21 and this is in keeping with more favourable results being 
found in the trials using the high volume strategy. Meta-ana lysis of the results 
of eleven trials in which infants were randomized to receive HFOV or intermittent 
positive pressure ventilation (IPPV) in the first 24 hours after birth22 demonstrated 
that HFOV was associated with a modest reduction in BPD in survivors at term . 
Certain trials, however, differed in their results and the HFOV strategy used, but also 
in the comparator groups. Courtney et al23 reported that HFOV reduced the combined 
outcome of BPD and death in comparison to that experienced by infants supported 
by synchronized intermittent mandatory ventilation (SIMV). That result, however, 
may not reflect that HFOV was beneficial, but rather that SIMV was disadvantageous, 
as if a low SIMV rate (<20bpm) is used the work of breath ing is increased24 .  In 
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another trial, no short term3 or longer term25 benefits or disadvantages of HFOV 
were noted, the control group were supported by "conventional" ventilator modes, 
including synchronised ventilation. Other respiratory support strategies have not 
been exposed to rigorous testing. Many practitioners have adopted a policy of 
CPAP rather than intubation and venti lation.  In a baboon model, such a policy 
was associated with less injury to the immature lung, but evidence that such a 
strategy reduces BPD in prematurely born infants is from comparison between 
centres or to h istorical controls. To date, the few randomised trials that have been 
performed have been too smal l  to address clinical ly meaningful outcomes. 
Infection, particularly if temporarily associated with a patent ductus arteriosus 
(PDA), has been associated with an increased risk of BPD. Whether aggressive 
therapy of infection reduces BPD has not been adequately tested . Only two 
studies with a tota l colonisation rate of less than 40 infants26 could be included 
in  a recent Cochrane review investigating if antibiotic treatment of Ureaplasma 
urealyticum decreased mortality and BPD. Fluid overload worsens lung function, 
but the converse does not improve long-term respiratory outcome and may impair 
nutritional intake. The impacts of PDA treatment and fluid restriction have been 
d isappointing. A Cochrane review reported no statistically significant difference i n  
the development of BPD when Ibuprofen was given to prevent a PDA (RR 0 .67, 
95% CI 0 . 12 ,3 .78) or to treat a PDA (RR 1 . 52, 95% CI 0.83,2 .81 ) .27 In addition, 
treatment of asymptomatic PDA with indomethacin in  three randomised trials, 
a lthough significantly reduced the incidence of symptomatic PDA only resulted in 
a small decrease in the duration of requirement for supplementary oxygen.28 Fluid 
restriction in  early trials reduced PDA, but has not subsequently been shown to 
reduce BPD.29 
Evidence from animal models may not always be replicated in humans. For 
example, a protective effect of polyunsaturated fatty acids against lung injury was 
reported in experimental rats,30 but no protection against BPD in preterm infants 
has been demonstrated in several randomised tria ls.31 The efficacy of a strategy, 
however, may vary accord ing to the popu lation studied. Nitric oxide has been 
shown to be lung protective in premature lamb models with RDS and associated 
with increased alveolar growth in lung injured neonata l rats, yet early randomised 
trials in prematurely born infants demonstrated no or l ittle benefit of inhaled n itric 
oxide ( iNO).  Those studies, however, included infants with severe respiratory 
fai lure .  More recently, in a single centre study iNO administration was associated 
with a decrease in the combined outcome of death and BPD and intracranial  
haemorrhage in  infants with mild respiratory fa i lure . JZ Clearly it is important to 
confirm or refute those observations in a larger population.  
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Other therapies have been demonstrated to have positive effects on BPD, but 
they have l imited use because of side-effects . Meta-ana lysis demonstrated that 
corticosteroids systemically administered in  the fi rst 96 hours after birth reduce 
oxygen dependency at 28 days and 36 weeks,33 but they have acute side-effects 
and more importantly long-term adverse effects on neurodevelopmenta l outcomes 
and lung structure. Given at a critical period of lung growth of between 4 and 14 
days after birth, corticosteroids resulted in rats of normal body size, but they had 
i ncreased lung volumes and enlarged airspaces and decreased alveolar surface 
area . The outgrowth of new alveolar septa was partly suppressed and after drug 
withdrawal the lungs remained emphysematous with larger and fewer a irspaces. 34 
In view of those adverse effects, there has been interest in assessing lower 
doses of systemically administered steroids, using alternative corticosteroids to 
dexamethasone and the inha lation route. Anecdotal ly, one tenth of the previously 
used dexamethasone dose has short-term positive effects, but the risk benefit 
ratio of such a reg ime requires careful investigation. Unfortunately other steroid 
preparations may also have side-effects, a randomised study investigating the 
effect of hydrocortisone on survival without BPD was terminated prematurely 
because of an excess of gastrointestinal perforations in the hydrocortisone 
group.35 Inhaled steroids have less side-effects but also less positive effects, but 
do facil itate extubation and reduce the need for later rescue systemic steroids . 
Meta-ana lysis of randomised trials36 has also demonstrated that vitamin A 
supplementation reduced death or oxygen requirement at one month of age and 
oxygen requirement at 36 weeks PMA, but side-effects mean that levels should 
be carefu l ly monitored and further work is needed to define the optimum dosage, 
mode and duration of treatment. 
Some preventative therapies, a lthough not shown to reduce BPD, may have other 
beneficial effects on prematurely born infants' respiratory status. Prematurely born 
infants are relatively deficient in antioxidant enzyme systems, such as superoxide 
dismutase (SOD) and have low levels of antioxidants, such as vitamins C and 
E.  They are, thus more vulnerable to oxygen toxicity. There is some evidence to 
suggest that improving anti-oxidant defences may improve the respiratory outcome 
of preterm infants.J7 Although, in two randomised trials, SOD administration was 
not associated with a reduction in BPD, in one there was a lower frequency of 
respiratory episodes (wheezing, asthma, pulmonary infections) severe enough 
to require treatment.38 Admin istration of antioxidants antenata lly might reduce 
BPD, not only be increasing anti-oxidant defences, but perhaps also by reducing 
preterm del ivery as maternal supplementation with the antioxidants vitamins C 
and E has been shown to reduce the occurrence of pre-eclampsia.39 There is 
a lso evidence from animal models that antenatal vitamin supplementation might 
impact favourably on lung growth and development, whether this occurs in infants 
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is currently being investigated in a multicentre tria l .  
Treatment strategies 
• Much of the treatment of infants with BPD is based on extrapolation from 
what is known about the pathophysiology of the condition, rather than the 
results of randomised intervention trials. 
Peak inspiratory pressures and inspired oxygen concentrations are kept to the 
minimum compatible with acceptable blood gases, this includes a l lowing the 
carbon dioxide levels to rise providing the infant does not develop a respiratory 
acidosis. Anecdota l ly various ventilation modes have been used with success in  
infants with BPD, but none have been investigated systematica l ly. Theoretica l ly to 
min imise further lung damage, BPD infants should be weaned from the ventilator 
as soon as possible, but theoretical ly this might result in greater compromise by 
increasing the work of breath ing and interfering with adequate enteral nutrition .  
Excessive fluid should be  avoided and  clinical experience suggests BPD infants 
do not tolerate flu id intakes in excess of 150/mls/kg or even lower levels if given 
enterally. Yet, BPD infants require a greater calorie i ntake than age matched 
infants without respiratory disease, thus concentrated feeds, calorie supplements 
or modular component additives are frequently used . Given that excessive weight 
gain and crossing of centiles is associated with adverse long term outcomes, it is 
essential that the appropriate nutrition of BPD infants is investigated . 
Supplementary oxygen is the mainstay of therapy for BPD i nfants, yet the amount 
of oxygen, which should be del ivered, as indicated by the target levels of oxygen 
saturation, remains controversial .  In the STOP-ROP trial premature infants were 
randomised to be maintained at 96 to 99% or 89 to 94% oxygen saturation levels.40 
Although, there were no significant d ifferences regarding milestones or growth, 
more infants in the higher oxygen saturation group were sti l l  hospitalised at 50 
weeks PMA and receiving diuretics. In addition, a greater proportion ( 13 . 2  versus 
8 .5%) of the higher saturation group developed pneumonia or exacerbations of 
BPD, perhaps ind icating that the higher saturation levels were d isadvantageous. 
The STOP ROP trial [ 40] was not designed to test the efficacy of different oxygen 
saturation levels with regard to pulmonary problems, but disadvantages of a higher 
saturation level were also reported from the BOOST tria l .41 In the BOOST trial 
preterm i nfants who were oxygen dependent at 32 weeks PMA and randomised to 
oxygen saturations of 95 to 98% rather than 9 1  to 94% required supplementary 
oxygen for longer and more required supplementary oxygen at home.41 These 
findings are, however, expected and no significant differences were demonstrated 
with respect to growth and neurodevelopmental outcomes at a corrected age 
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of 12  months. Further studies, therefore, are required to determine the most 
appropriate oxygen saturations levels, particularly in those BPD infants who have 
pulmonary hypertension.  
BPD infants with chronic oxygen dependency are often considered for "home 
oxygen". The criteria vary, but usually include that the baby's only ongoing medical 
need is a requirement for supplementary oxygen, they have good growth and are 
without frequent episodes of desaturation. In some centres, babies are sent home 
while, in  addition, they require tube feeding.  Anecdota lly, such a policy a l lows 
babies to be d ischarged home earl ier, on average about two weeks, with financial 
savings and apparently no increase in subsequent admissions.42 Famil ies of home 
oxygen babies, however, do require appropriate support as they have been noted 
to be more prone to pre as well as post discharge anxiety and mothers to have 
less vita l ity and more mental health problems. The true cost benefit ratio of home 
oxygen therapy requires testing . 
Rarely infants with BPD may be considered for home ventilation . Criteria include 
that their carbon dioxide levels are maintained within safe l imits on venti latory 
equipment that is operable by the family at home, their airway and medical condition 
is stable and their nutritional intake adequate to mainta in expected growth and 
development. It is a lso important that the parents understand the long term 
prognosis and are wil l ing and capable of meeting the special needs of their child in  
the home setting and i t  is practical to provide the level of support and intervention 
that the child requires at home. The parents must also be able to evaluate their 
infant's respiratory condition, use the equipment and be able to deal with al l  
emergency procedures. The most common obstacles in  Europe regarding home 
ventilation include funding for staffing and equipment, loca l organisational delays, 
unsu itable famil ies' housing or a change in the child's medical condition which 
affected the level of support required at home. 43 Most studies describe infants who 
showed clin ical improvement and home ventilation could be stopped successful ly 
after some months or even years, but not al l  chi ldren benefit from long-term 
ventilation . If home care is not possible due to family unwil l ingness, inabi lity to 
cope, or family desertion then su itable alternative long-term arrangements should 
be sought as it is not appropriate for a child to grow up in  a hospital environment. 
The duration of home ventilation varies from 0.5 to 4 years. 
Medications should be admin istered to infants with BPD in the knowledge that: 
64 
• many treatments have positive effects, but these may be short-l ived with few 
or no long term benefits have been demonstrated in randomised trials 
• side-effects are common and may not be avoided by using the inha lational 
route 
Prevention and management of BPD 
• on current evidence, use of medications should be individual ised and only 
continued while there is a demonstrable positive effect 
Systemic administration of a proximal loop d iuretic can acutely increase lung 
compliance and reduce airway resistance, facil itating a reduction in venti latory 
requirements and transiently improving blood gases in both venti lated and non­
ventilated infants, but chronic treatment has important side-effects . Hypokalaemia 
and metabolic acidosis can exacerbate carbon d ioxide retention and hyperca lciuria 
lead to nephroca lcinosis (see below).  Distal tubular diuretics have less side­
effects, but also a smaller effect on lung function.44•45 Systematic review of the 
results of randomised trials has not highl ighted any long-term benefits of chronic 
treatment with any type of diuretics, regardless of the method of administration. 
BPD infants have peribronchiolar smooth muscle hypertrophy and can have a 
positive response to bronchodi lators, even while on the Neonata l Intensive Care 
Unit ( NICU) .  Inha led beta2 agonists and anticholinergics can temporarily improve 
lung function and blood gases and have synergistic effects .46 There are, however, 
no randomised trials with long-term outcomes to inform whether chronic therapy 
on the NICU is appropriate. Resu lts of small randomised trials conducted at fol low­
up suggest that inha led bronchodi lators are helpful in prematurely born infants 
who are symptomatic, but of no benefit if given routinely. 47 
Meta-analysis of the results of randomised trials has demonstrated that 
corticosteroids given to infants older than three weeks of age, reduce oxygen 
dependency at 36 weeks PMA, fai lure to extubate, need for rescue dexamethasone 
and home oxygen therapy. 48 Less side-effects have been reported from those 
trials compared to the prophylactic trials, this may reflect the older age of the 
infants or that in certain of the studies "rescue" treatment was al lowed. In a 
small randomised tria l ,  inhaled corticosteroid administration was associated with 
a reduction in symptoms and bronchodi lator requirement of prematurely born 
infants wheezy at fol low-up.49 The most appropriate duration and dosage of 
therapy needs investigating.  
BPD infants can suffer severe consequences of RSV infection as evidenced by 
greater need for hospital and Pediatric Intensive Care Unit ( PICU) admission ; 50 
retrospective studies have also highl ighted that hea lthcare util isation is increased 
at fol low-up. Currently, there is no safe and effective vaccine against Respiratory 
Syncytia l  Vi rus (RSV) . Palivizumab a humanised monoclonal antibody, has been 
demonstrated to reduce the hospita lisation rate in BPD infants,51 whether it 
improves the long term outcome in BPD infants requires appropriately testing .  




BPD is associated with long-term respiratory morbid ity. Patients have high 
readmission rates in  the first two years after birth, particu larly due to respiratory 
infections. 50 Troublesome respiratory symptoms requiring treatment are common 
even in young adu lts. In a recently reported fol low-up study, 52 19 year old females 
who had had BPD were found to have a higher preva lence of doctor diagnosed 
asthma, wheeze and shortness of breath than gender matched controls. Long-term 
studies have also demonstrated lung function abnormal ities, a irways obstruction, 
airway hyper-reactivity and hyperinflation, persisting into adolescence.53•54 
Central and upper airways 
Endotracheal tubes may injure the upper airway causing laryngeal oedemae, 
infants who have suffered prolonged or repeated intubations are at greatest 
risk.  The preva lence of trachealjbronchomalacia in preterm infants with BPD 
varies from 16 to 45%.55•56•57 The pathophysiology of tracheal/bronchomalacia 
in this patient group remains unclear; in particu lar it is unknown whether it 
contributed to the initial venti latory requirement or was a consequence of 
long term mechanical  ventilation. Tracheobronchial abnormalities should be 
considered as a cause of persistent pulmonary problems in infants with BPD. 
Cardiovascular system 
Pulmonary hypertension was often reported in infants who developed classical 
BPD, but is less common in new BPD. Whether this is due to a change in the 
underlying pathology in the more immature infant or to improvements in  therapies 
including home oxygen programs remains speculative. Infants with BPD who do 
develop pulmonary hypertension, have an increased mortal ity rate. Increased 
work of breathing and hypoxic pulmonary vasoconstriction may potentiate the 
development of cor pulmonale. 
The incidence of systemic hypertension is higher in infants with BPD ( 13-43%) 
than in  prematurely born infants with respiratory distress syndrome only ( 1-9%) 
and in infants born at term (0 .7-3%) [58] . Systemic hypertension may contribute 
to the development of left ventricu lar hypertrophy. Left ventricu lar hypertrophy 
is often associated with right ventricular hypertrophy in infants with BPD. The 
pathogenesis of systemic hypertension and left ventricular hypertrophy overlap : 
metabolic effects of chronic hypoxemia, hypercarbia and acidosis can increase 
cardiac output and stimulate the renin-ang iotensin system, thereby elevating 
afterload .  Chronic adrenergic stimulation from ongoing stress and neurohumoral 
stimulation, exogenous admin istration of medication (such as [3-adrenergic 
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agonists and steroids) and impaired lung clearance of norepinephrine have been 
impl icated in the development of left ventricu lar hypertrophy.59 It is unknown 
whether impaired metabolic function of the lung contributes to the pathophysiology 
of BPD by increasing circu lating catecholamine levels, or if it is a marker of severe 
pulmonary vascular disease. It has been speculated that high catecholamine levels 
may lead to left ventricular hypertrophy or systemic hypertension . Other possible 
causes for systemic hypertension are renal damage due to nephroca lcinosis or 
prolonged umbi l ica l arterial catheterisation .  
Prominent bronch ial or other systemic-to-pulmonary col lateral vessels were noted 
in early morphometric studies of infants with BPD. Although these collateral vessels 
are genera l ly smal l ,  large col laterals may contribute to significant shunting of blood 
flow to the lung, causing oedema and the need for high levels of supplementary 
oxygen. 
Growth retardation and gastrointestinal problems 
The causes of malnutrition and growth fai lure in BPD infants include decreased 
nutrient intake, hypoxia, concomitant dysfunction of other organ systems and 
increased requirements for energy. 53 In general ,  there is no sign ificant impairment 
of nutrient absorption or digestion, unless there is concomitant bowel disease. 
Malnutrition can delay somatic growth and the development of new alveoli, decrease 
muscle strength making successful weaning from mechanical ventilation less l ikely 
and makes patients more prone to infections. Decreased g lutathione levels may 
impair the response to oxidant-induced lung injury, and protein undernutrition 
may interfere with lung growth and DNA synthesis. Rib fractures together with 
general ised bone demineral isation are frequently observed in patients with BPD. 
This is usually secondary to d ietary or parenteral deficiency of calcium or vitamin 
D and excessive calciuria resulting from chronic diuretic therapy. 
Gastroesophageal reflux (GER) is common (63%) in infants born prior to 32  
weeks of  gestational age and may contribute to malnutrition, the chronic 
inflammatory process and lung damage, but it is poorly correlated with BPD.60 
The prevalence in prematurely born chi ldren with BPD is so high, that those who 
have persistent respiratory difficu lties not responding to therapy or with persistent 
vomiting or fai lure to thrive should undergo evaluation for GER and aspiration. 
Renal problems 
The aetiology of nephrocalcinosis is multifactoria l .  Risk factors include immaturity, 
low glomeru lar filtration rate (causing low urinary flow), high intakes of calcium 
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and phosphorus (to prevent rickets) with high excretion of ca lcium, low citrate 
excretion and use of diuretics. Prematurity-associated nephrocalcinosis resolves 
in months to years in most patients, but is sti l l  present in 15% at the age of 30 
months. 61 While proximal tubular function is unaffected, high blood pressure and 
impaired glomerular and distal tubular function appear to occur more frequently 
than in hea lthy chi ldren .61 In rare instances this condition leads to renal ca lcu l i  or 
renal insufficiency. 
Neurologic system and development 
Infants with BPD are at increased risk for cerebral palsy, microcephaly and 
neurodevelopmenta l delay affecting both cognitive (speech development, 
performance, IQ and receptive language) and motor function compared with 
premature control chi ldren matched for gestational age.62•63 General ised hypotonia 
results in early gross motor delay. Risks of delay may be compounded by co­
existing conditions such as hearing loss, severe intracranial bleed and poor social 
environment. Long term fol low-up identified at eight years of age either a dramatic 
improvement or long-term adverse effects on cognitive and academic achievement 
above and beyond the effects of very low birthweight.62•64 This highl ights the need 
for continued monitoring of the learn ing, behaviour  and development of BPD 
children, so that intervention can be planned for those ch i ldren who are at risk for 
school problems. 52 Long term studies suggest that infants who received prolonged 
steroid therapy have worse neurologic outcome, including an increased incidence 
of cerebra l palsy, than in control infants. 65 Observational studies have shown an 
association between transiently low thyroid hormone levels in  preterm infants in  the 
first weeks of l ife (transient hypothyroxinemia) and abnormal neurodevelopmenta l 
outcome. Thyroid hormone therapy might prevent this morbidity, but review of 
the research to date, does not support the use of thyroid hormones i n  preterm 
infants to reduce neonata l morta l ity, improve neurodevelopmenta l outcome or to 
reduce the severity of respiratory distress syndrome. 56 
Ophtalmologic problems 
Infants born prematurely have incompletely vascularised retinas and a peripheral 
avascular zone, the area of which depends on the gestational age. In premature 
infants, normal retinal vascu lar growth that would occur in utero ceases and there 
is loss of some of the developed vessels. With maturation of the infant, the resulting 
non-vascu larised retina becomes increasingly metabolically active and hypoxic. 
Retinal neovascularisation, is induced by hypoxia, and occurs at about 32 to 34 
weeks PMA. In Retinopathy of Prematurity (ROP) angiogenesis has a predominant 
roleY Angiogenesis is controlled by many factors, including the expression of 
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VEGF, which in turn is regulated by absolute and relative lack of oxygen, and 
insul in- l ike growth factor I ( IGF-1) .  In premature infants, the absence of IGF-I 
(normally provided by the placenta and the amniotic fluid) stops blood vessel 
growth .68 Oxygen saturations above 95% and Pa02 above BOmmHg are associated 
with higher i ncidence of ROP.69 Experimental studies have focussed on the role of 
oxygen, but there have been many recorded instances of ROP in premature infants 
not exposed to elevated oxygen concentrations and other factors, such as sepsis, 
hypercarbia or hypocapnia, vitamin E deficiency, lactic acidosis and anaemia, have 
been implicated in the pathophysiology of ROP. Extreme prematurity is the most 
sign ificant risk factor. 
Vision loss from ROP is a consequence of excessive overgrowth of new vessels 
in the retina and vitreous cavity. There are five stages of the abnormal vascular 
response at the junction of the vascu larised and avascu lar retina.7° The more 
posterior the disease and the greater the amount of involved retinal vascular tissue, 
the more serious the disease. Although ablation treatment, laser photocoagulation 
or cryotherapy of the retina reduces the incidence of bl indness by 25%, the visual 
outcomes after treatment are often poor i n  those who reach late-stage disease. 
Aud itory Deficits 
Preterm infants with BPD are at high risk of persistent conductive hearing 
loss. Although conductive impairment is impl icated in many cases, the degree 
of impairment is greater than that usually seen with middle ear effusion.71 The 
incidence of hearing impairment (20-50%) in BPD infants is much greater than 
for other high-risk premature infants.72•73 An aud itory brainstem response test 
conducted at the time of hospita l discharge does not predict accurately later 
conductive hearing problems, hence infants with BPD should have routine 
audiological eva luation toward the end of the first year of l ife . 
Sudden Infa nt Death Syndrome 
In the eighties, a seven fold i ncrease in  the i ncidence of sudden i nfant death 
syndrome (SIDS) was noted retrospectively in low-birth-weight infants 
with BPD.74 Studies performed in the nineties, however, found that preterm 
infants with BPD are not at increased risk from SIDS compared with preterm 
infants without this condition.75 Risk factors for SIDS among infants 24 to 
32 weeks gestation appear to be more associated with sociodemographic 
characteristics than medical problems. This suggests that for the immediate 
future, the risk for SIDS among very preterm infants wi l l  be best addressed 
through further modification of the environment and parent behaviour.75 
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Most recent fundamental developments 
• The inflammatory nature of BPD 
• The role of VEGF and NO in lung growth 
Important future questions 
• What is the most effective and safe preventative therapy. Areas meriting 
further exploration are :  
- the resolution of  lung injury i n  preterm infants by the process of  neutrophil 
apoptosis, as this appears to be inhibited in the more immature compared 
to the more mature infants .76 
- an adequately powered trial of treatment for antenata l ly acquired 
infection. 
• Which infants are at highest risk of developing BPD and what is the most 
sensitive method of identifying such infants 
• What is the pathogenesis of pulmonary hypertension in children with BPD? Is 
it possible to prevent pulmonary hypertension and, if not, what is the best way 
to monitor and treat the condition . 
• What is the best way to stimulate somatic growth and what is the relation 
between somatic growth and lung growth? 
• Who are eligible candidates for long term venti lation, wi l l  long term mechanical 
venti lation be an option to promote growth by decreasing the ca loric loss due 
to work of breathing? Wil l  some children inevitably "grow out of their l ungs"? 
• What are the long term consequences of new BPD. A major concern for infants 
with BPD is the abnormal ities of lung growth that have been described in 
those who have d ied77 or from animal models. There is a concern that these 
infants may develop chronic obstructive pulmonary disease prematurely in  
young adu lthood 
• What is the additional risk of neurodevelopmental delay and persistent 
conductive hearing loss in prematurely born chi ldren who have had BPD? 
What is the effectiveness of special education? 
What is needed to answer those questions 
• A multidiscipl inary approach-geneticists, obstetricians, physiologists, 
paediatricians, educational psycholog ists etc 
• Longitudinal studies 
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• International col laboration and randomised trials adequately powered to 
detect differences in cl inica l ly meaningfu l long term outcomes 
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Objective: The aim of this study was to investigate the respiratory hea lth of 
preterm infants with Bronchopulmonary Dysplasia (BPD) at pre-school age and 
to determine whether lung function (measured by Forced Osci l lation Technique 
(FOT) and interruption technique (Rint) is affected by BPD in preterm infants 
compared to preterms without BPD. 
Study design: Participants :  3-5 year old preterms with BPD (n= 40, mean 
gestational age (GA) 28 weeks, mean birth weight 1051g) and without BPD (n,.,36, 
mean GA 29 weeks, mean birth weight 1 179g) .  Outcome variables : preva lence 
of respiratory symptoms determined by European Community Respiratory Hea lth 
Survey questionnaire and lung function measured by FOT and Rint. 
Results : A large percentage of infants in both preterm groups reported respiratory 
symptoms and medication use during the last 12 months. Lung function parameters 
showed higher resonant frequency (Hz) in BPD compared to non-BPD (mean 26.8 
vs .  22.7 p<O.OOl) and lower mean reactance X4_24 (hPa .s/1 ) (  -3.0 vs -1 .9 p=0.005).  
No differences between the groups were found in respiratory resistance parameters, 
a lthough the mean va lues of both groups were higher compared to reference va lues. 
Concl usion: 3-5 year-old prematurely born children with and without BPD reported 
high percentages of respiratory symptoms and medication use. Chi ldren with BPD 
could be d istinguished from ch i ldren without BPD based on a higher resonant 
frequency and a lower mean reactance. Preterm birth affects respiratory hea lth 
at 3-5 years of age. 
INTRODUCTION 
Present neonatal intensive care, including the use of antenatal steroids and postnatal 
surfactant therapy, has made the classic presentation of Bronchopulmonary 
Dysplasia (BPD), original ly described by Northway et al ,  less common. 1 However, 
small premature infants with a mild initial respiratory course, requ iring mechanical  
venti lation with low pressures and oxygen concentration, seem to acquire 
another form of BPD, that has been referred to as "new BPD". One of the major 
problems of new BPD is the d isturbance of alveolarization and vascularization 
of the alveol i .  In preterm infants requiring prolonged assisted venti lation, this 
problem is sometimes accompanied by a heterogeneous pattern of atelectasis 
and emphysema in the different zones of the lung as described in classic BPD by 
Northway. Remodel ing of both lung tissue and a irway wal l ,  with different contents 
in smooth muscle and fibrosis, can lead to alterations in elasticity of the lung and 
decrease lung compliance. In prematurely born chi ldren, pulmonary function tests 
are important in the eva luation of the disease severity and the individual response 
to treatment. 
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Current pediatric lung function techniques include the forced osci l lation technique 
(FOT), interruption technique ( resistance by interruption or Rint), tida l  breathing 
measurements, lung volume measurements, forced expiratory maneuvers and 
spirometry.2 Since conventional lung function measurements require either 
sedation or considerable patient cooperation, the lung function of prematurely 
born chi ldren usually is assessed during either the first year under sedation or 
during school age with cooperative patients. FOT and Rint have minimum demand 
for co-operation, which makes this method particularly suitable for use in  young 
non-sedated preschool chi ldren . 3•4 
Studies on long term outcome of neonatal lung i njury and BPD indicate that during 
later l ife some children have pulmonary lung function abnormalities including 
a irway obstruction, hyperinflation of the lungs and bronchial hyperreactivity.s-s 
Lung function studies in non-sedated preschool ch i ldren with BPD are l imited. 
FOT does not measure volumes, but is able to measure resistance and reactance. 
The latter can provide information on alterations in elasticity and compliance of 
the respiratory system ( in  this case the intraparenchymal airways and the lung 
parenchyma).  
The aim of the study was to investigate the respiratory health of preschool-aged 
prematurely born chi ldren with and without BPD. Respiratory hea lth was evaluated 
by questionnaire and lung function by forced oscillation technique and interruption 
technique. Lung function data were compared with reference data (provided by 
age-matched fu l l  term hea lthy controls) . 
M ETHODS 
Study groups 
Chi ldren with a history of BPD, born prematurely between 1998 and 2001 at the 
neonatal intensive care un it of the Beatrix Chi ldren's Hospital ,  were invited to 
participate in this study. BPD was defi ned as the need for continuous supplementa l 
oxygen at 28 days of age combined with radiographic manifestations. These 
abnormalities i nclude hyperinflation and non-homogeneity of pulmonary tissues, 
with diffuse haziness, or fine or coarser densities extending to the periphery. 
Chi ldren matched for gestational age and birth weight, but without BPD were 
also invited to participate. Lung function data of both groups were compared 
with age-matched ful l  term hea lthy controls. This referent group was derived 
from two nursery and three primary schools in the North of the Netherlands. The 





Parents of the participating ch i ldren completed a questionnaire (based on the 
European Community Respiratory Health Survey (ECRHS)) on (a irway) symptoms, 
use of medication, smoking habits of the parents and family history of asthma or 
eczema. Additionally questions were included on Respiratory Syncytia l  Virus (RSV), 
and admissions to hospita l .  Basel ine lung function measurements were obtained 
in all chi ldren .  Reversibil ity of a irway obstruction was tested by admin istration of 
a bronchodi lator ( 4001Jg of salbutamol) with a metered-dose spacer device . Post 
bronchodilator response was measured after 15 minutes. 
Lung function tests 
Forced Oscillation Technique 
With FOT the respiratory resistance (Rrs) and reactance (Xrs) of the total respiratory 
system is determined, which provides information about the ease or difficulty 
of breathing.  The i2m® device (Chess Medical ,  Gent, Belgium) measures these 
va lues over a frequency spectrum of 4 to 48 Hz, within eight seconds during 
quiet, spontaneous breathing. FOT has been described in deta i l  elsewhere.9 The 
resistance of the respiratory system is not equ ivalent but compatible with a irway 
resistance as measured by bodybox. The reactance of the respiratory system is 
mainly dependent on the compliance of the chest-lung system and on the inertial 
forces of lung tissue, chest wall and air within the airways. With increasing 
frequency, xrs undergoes the transition from negative values (when the elastic 
reactance dominates) to positive va lues (when the inertial reactance dominates) .  
The frequency point at which elastic and inertial reactance magnitudes are equal 
is associated with zero Xrs. This point is known as resonance frequency (f, •• ). As Rrs 
va lues are simultaneously measured over a frequency spectrum of 4-26 Hz, the 
so-called frequency dependence of Rrs can be calculated . Frequency dependence of 
Rrs is defined by the mean slope of Rrs versus frequency curve calcu lated over the 
4-26 Hz frequency spectrum .  Negative frequency dependence of Rrs of osci l latory 
Rrs6_24 is a sensitive index of airway obstruction in older chi ldren and adults, but is 
a normal finding in children under the age of five due to upper a irway motion .4•10 
During the FOT procedure the child sat behind the apparatus in an upright position, 
wearing a nose clip. Cheeks and mouth floor were fixed by the hands of the 
investigator to diminish upper airway shunting.  The child breathed quietly through 
the mouthpiece, which was connected to the i2m®, for 40 seconds (5  consecutive 
measurements).  A pseudo-random noise pressure signal, conta ining a l l  harmonics 
of 4 to 48Hz was appl ied at the mouth by means of a loudspeaker. Mouth pressure 
and flow signals were fed into the analyzer, which calcu lated the resistance and 
reactance at several frequencies. The mean of 5 measurements was used to obta in 
the personal values. Measurements col lected during g lottic closure, swal lowing 
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or episodes of i rregular breathing were discarded afterwards. Only data with a 
coherence function above 0.95 were retained. The accuracy of the measurements 
was checked dai ly by means of several reference impedances. As reference values 
we used results of hea lthy Dutch pre-school children . These reference data are 
consistent with previous reports but are based on larger numbers and the novel 
instrumentation ( i2m®) .4 
Interruption technique (Rint) 
The portable device MicroRint (Micro Medical Ltd ., Rochester UK) was used 
to determine airway resistance by measuring the flow at the mouth using a 
pneumotachograph, and has been described before. 11 After a period of quiet 
breath ing, a single interruption was triggered at peak tidal  expiratory flow during 
lOOms. For the MicroRint examination, participants sat in  an upright position and 
used a disposable mouthpiece and a nose cl ip. The hands of the investigator 
fixed cheeks and mouth floor. In each subject 10 occlusions were performed 
and the mean of five or more technica l ly satisfactory readings was taken as a 
valid measurement. Measurements were rejected when the computer indicated 
a leakage of a ir, when chi ldren used their vocal cords, or when an overflow had 
occurred.12 All chi ldren were examined using FOT first, fol lowed by Rint. 
Statistical analyses 
Normal ity of data distribution was checked using normal p-plots. The significance of 
differences among the two study groups was tested using unpaired t-test, chF-test 
or Fisher's test. For non-parametric analyses, we used the Mann-Whitney-U test. 
Z-scores or standardized deviation scores were defined as Z=(observed value -
predicted va lue)/ RSD, where RSD is the residual standard deviation in the reference 
population.  The reference population consisted of hea lthy chi ldren according to 
European Respiratory Society and American Thoracic Society guidelines. 13•14 The 
raw data for R,..6 needed to be log-transformed first to obtain normal distribution, 
before Z-scores could be ca lculated. We studied the independent effects of height, 
age, sex, weight, RSV infection and BPD on f,es using a multiple l inear regression 
model . We studied the independent effects of sex, height and RS monoclonal 
antibody on admission due to RSV using multiple logistical regresion.  All statistical 
analyses were performed using SPSS 12 .0 .  P-values less than alpha= 0.05 were 
considered to be statistica lly significant (tested 2-sided) .  




Of the 122 eligible prematurely born patients (64 children with BPD and 58 matched 
prematurely born chi ldren without BPD) 77 (63%: 41 BPD and 36 no BPD) agreed 
to participate in this study (table 1 ) .  No differences were found between the 
(77) participants and ( 45) "non-participants" with regard to gestational age or 
birth weight. From the "non-participants", 8 chi ldren had moved, 1 child was not 
able to participate due to tracheal stoma, 5 parents refused to give permission 
and 31 parents were non-responders. 34 of 41 participating ch i ldren with BPD 
had the need for continuous supplemental oxygen not only at 28 days of age 
but a lso at the postmenstrua l  age of 36 weeks . Several differences were found 
between the characteristics of our study groups . Although we tried to match for 
birth weight and gestational age, the responding chi ldren with BPD had a shorter 
gestational age compared to the ch i ldren without BPD. Children with BPD were 
Table 1.  Patient characteristics 
BPD No BPD Controls p BPD-no 
N=41 N =36 N=73 BPD 
Male (%) 29 (71) 12 (33) 40 (55) 0.001 
Birth weight (g):!= 1051 ± 536 1 1 79 ± 408 >2500 0 .246 
Gestation (wk) * 28 ± 2 29 ± 2 >37 0.030 
Height (em) 106.5 ± 6.6 108.6 ± 5.2 1 1 1  ± 5 .5  0. 153 
Weight (kg)  15.5 ± 2.9 18.3 ± 3.2 19 .7  ± 2 .8  0.020 
Age ( months) 55 ± 9 58 ± 9 57 ± 9 0 . 325 
Antenatal steroids (Celestone) 25 (51) 25 (70) 0 0.418 
Surfactant (%) 36 (88) 15 ( 42) 0 0.001 
Assisted ventilation (days)§* 19 (0-54) 2 (0-17) 0 0.001 
CPAP (days) §$ 17 (0-55) 2 (0-48) 0 0.001 
Oxygen (days) § 75 (28-1095) 5 (0-53) 0 0.001 
PDA� (%) 25 (51)  7 (19) 0 0.001 
Infection ¥(%) 30 (73) 13 (35) 0 0.012 
Postnatal steroids 31 (75) 1 (3) 0 0.001 
(Dexamethasone)# (%) 
RS monoclonal antibody+ 15 (37) 7 ( 19) 0 0 . 1 3 1  
BPD= Bronchopulmonary dysplasia 
:1= mean ± SD (t-test) 
§ median ( range) (Mann-Whitney-U) 
* completed days of either intermittent positive pressure ventilation or high frequency 
oscillation 
$ continuous positive airway pressure 
� patent ductus arteriosus 
¥ highly suspected or proven infection, sepsis or meningitis 
# 0 .5mg /kg/ day tapered down till 0 in 7-40 days 
+ 15 mg /kg/ month intramuscular (October-March) 
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more often male, their weight at fol low up was significantly lower and risk factors 
for development of BPD such as patent ductus arteriosus and infection were found 
more often compared to ch i ldren without BPD. All children with BPD were treated 
with either assisted venti lation and/or continuous positive a irway pressure. The 
reference population consisted of 73 healthy fu l l term chi ldren in  the same age 
category. 
Questionnaires 
The results of the ana lyses of the questionnaires are shown in  table 2 .  Large 
percentages of both groups reported respiratory symptoms during the last 12  
months l ike dyspnea, wheeze and cough .  BPD-patients reported significantly 
more often RSV infections and more hospital admissions due to RSV compared to 
preterms without BPD, whereas the preva lence of a l lergy was significantly lower. 
Table 2. Respiratory symptoms, admissions due to respiratory disease and medication-use 
BPD No BPD p 
N=41 N =36 
yes (%) yes (%) 
Was your chi ld troubled 18 ( 44) 13 (36) 0.487 
by shortness of breath 
in the last twelve months? 
Did your  child 13 (32) 14 (39) 0 .510  
wheeze in  the last 
twelve months? 
Did your child cough 39 (95) 35 (97) 0.635 
in  the last twelve months? 
Does your  child have allergy? 0 (0) 7 ( 19) 0.004 
Does your child have eczema? 4 (10)  6 ( 17) 0 .501 
Was your  child admitted during 22 (54) 5 ( 14) <0.001 
first 3 years? 
Admissions during first 3 years/ person § 1 (0-20) 0 (0-4) <0.001 
Did your child suffer RSV? 19 (46) 4 ( 1 1 )  <0.001 
Was your  child admitted 17 (42) 1 (3)  0.035 
due to RSV? 
Is your child troubled by 11 (27) 9 (25) 0 .912 
shortness of  breath when 
hurrying on level ground? 
Did your child use B-agonist 16 (39) 18 (50) 0 . 146 
in  the last twelve months? 
Did your child use 15 (37) 11 ( 3 1 )  0 .484 
inhaled Corticosteroids 
in the last twelve months? 
ChP-test 
§ median (range) (Mann-Whitney-U) 
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CXI � Table 3. Lung function parameters by Forced Oscillation Technique and Rint 
BPD No BPD 
N =41  N =36 
R,..6 (hPa.s/1)  9 .9 ±2 .5  9 . 3  ± 2 .9  
R,..6 (% predicted) 129.4 ± 32.0 127.3 ± 5 1 . 2  
Z-score LnRrs6 0 .9  ± 0 .7  0 .7  ± 1 .0  
Rrs4_24 (hPa .s/1)  7 .3  ± 2.0 7.1 ± 1 . 7  
X,..4_24 (hPa.s/1) -3.0 ± 1 . 5  -1 .95 ± 1 . 6  
f, •• (hz) 26.8 ± 5.9 22.7 ± 4.0 
fres (% predicted) 119 .3  ± 26.9 102.6 ± 23.6 
z-score fres 0 . 8  ± 1 . 2  0 . 1  ± 0 .8  
fdRrs -0 .23 ± 0 . 1 1  -0 .19 ± 0 .09 
fdRrs (% predicted) 166.6 ± 76 141 .0  ± 8 1  
Z-SCOre fdRrs - 1 . 6  ± 1 . 5  - 1 .0 ± 1 . 4  
Bronchodilator response (%)R,..6 22.7 ± 15 18 .0  ± 16 
R int  (kPa.s/1)  1 .06 ± 0.37 0.91 ± 0 .28 
Rint ( %  predicted) 139.0 ± 4 1 . 7  120.6 ± 34.7 
Z-score Rint 1 . 7  ± 1 . 9  1 . 0  ± 1 . 5  
Bronchodilator response ( % )  Rint 24.5 ± 18 23 ± 13 
mean ± SD (t-test) 
Rrs6 resistance measured at osci llation frequency of 6 Hz 
xrs reactance of the respiratory system 
f,.. resonance frequency 
-
Controls p p p 
N=73 BPD-no BPD- No BPD-
BPD controls controls 
- - --
7.6  ± 2.4 0 .301 <0.001 0.003 
100 ± 22.6 0 .809 <0.001 0.003 
0 ± 1 . 0  0 . 183 <0.001 0.001 
6.2 ± 1 . 9  0 .724 0.009 0.020 
-1 .25  ± 0 .9  0.008 <0.001 0.020 
22.7 ± 5 .0  0.001 0.001 0.923 
100 ± 16.8 0.007 <0.001 0.484 
0 ± 1 . 0  0.001 0.001 0 .923 
-0. 12  ± 0 . 07 0 .099 <0.001 <0.001 
100 ± 58 0 . 172 <0.001 <0.001 
0 ± 1 . 0  0 .090 <0.001 <0.001 
N/A 0 .202 N/A N/A 
0 . 70 ± 0 . 2 1  0 .080 <0.001 0.001 
100 ± 26 0 .078 <0.001 0.002 
0 ± 1 . 0  0.080 <0.001 0.001 
N/A 0.775 N/A N/A 
fdRrs frequency dependence of respiratory resistance (mean slope of Rrs versus frequency curve calculated over the 4-26 Hz 
frequency spectrum)  
Rint interrupter respiratory resistance technique 
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Reported RSV infections could be confirmed by the results of nasopharyngeal 
aspirates, which are obtained in  the hospital when an infant was admitted with 
a lower respiratory tract infection. RSV was identified by immunofluorescence 
and/or culture .  No differences were observed in use of medication between the 
groups .  
Lung function tests 
Data on lung function a re summarized in table 3 .  All children could perform 
both the FOT and Rint measurements. FOT parameters showed higher resonance 
frequency, lower mean reactance Xrs4_24 in BPD compared to non-BPD preterms, and 
respiratory resistance tended to be more frequency dependent in BPD preterms. 
No differences between the groups were found in  other resistance parameters 
( including Rint) . Resistance and reactance values of both groups were higher 
compared to the reference group. 
Chi ldren who reported a RSV infection had higher f, •• than chi ldren without RSV 
(28 Hz vs. 23 Hz, p=O.OOl ) .  No other resistance or reactance parameters differed 
significantly. RSV infection had a significant large effect on f, •• , when studied 
simultaneously with height, age, sex, weight, RSV infection and BPD using a 
multiple l inear regression mode l .  Chi ldren with a RSV infection had a significantly 
h igher f, •• (B=3 .0 ;  95% CI =0 .1 -5.9) compared to chi ldren who did not have a 
RSV infection, independent of height, age, sex, weight. RS monoclonal antibody 
did not prevent admission (due to RSV) in this study. 
DISCUSSION 
Premature birth, particu larly when complicated by the subsequent development of 
BPD, has been associated with respiratory morbid ity in early childhood . This study 
shows that children with BPD do not report having more respiratory symptoms, 
but do have lung function abnormalities ( i .e .  a lower mean reactance and a higher 
resonance frequency), indicating decreased compliance, compared to premature 
chi ldren without BPD. Another important finding is that FOT is able to discriminate 
between prematurely born children (with or without BPD) and hea lthy controls 
(i.e. the reference data) .  Rint is able to differentiate between the total prematurely 
born group and the hea lthy controls, but not between the children with and without 
BPD. 
Most differences found between the characteristics of our study groups were in 
accordance with previous studies .  Children with BPD are more often male and risk 
factors for development of BPD -such as patent ductus arteriosus and infection­
were found more often compared to ch i ldren without BPD. Corticosteroid use in  the 
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neonata l phase was l imited to exceptional clin ica l circumstances, such as venti lator­
dependency after the second week of life without the possibil ity to wean and/or 
worsening condition of the patient. Therefore the percentage patients treated with 
dexamethasone, is far higher in the BPD-group compared to the ch i ldren without 
BPD. The weight of chi ldren with BPD at fol low up was significantly lower in the 
current study. In previous studies, some reported that height and weight in BPD 
patients at school age were not different from either a ful l  term control group or a 
matched preterm group without BPD; 15-17 other studies reported impaired growth 
and body composition in infants with BPD. 18 
Prematurity and low birth weight appear to be risk factors for respiratory problems 
at fol low up . 19•20 Approximately one-third of the patients reported symptoms l ike 
wheeze or dyspnea, which could be due to increased bronchial hyperreactivity or 
disturbed patency of small airways. 15•21'23 Bronchodilator response did not differ 
between ch i ldren with and without BPD in our study. Therefore we speculate that 
smal l  a irways could be the main factor. Chi ldren with BPD are often al ike chi ldren 
with asthma, with recurrent wheeze, shortness of breath and a irflow l imitation, 
and they are treated with 132-agonists and i nhaled corticosteroids . 24 
An unexpected finding was the h igh use of inhaled corticosteroids in  both study 
groups. There is increasing evidence that inflammation plays an important role 
in the pathogenesis of BPD. However, a lthough early inha led corticosteroid 
therapy does not prevent BPD, some beneficial effects have been demonstrated 
including earlier extubation, improved ventilator settings and a reduction in 
airway resistance. 25 To our knowledge, no prospective studies have been carried 
out to measure the potential va lue of inha led corticosteroids (ICS) on mid-and­
long term respiratory outcome of BPD. Indications for ICS are based upon clinical  
symptoms, frequency and severity of wheezing, the need for rescue B2-agonists 
and/or frequency of hospitalization . Also in our study population almost al l  the 
patients with symptoms l ike wheeze or dyspnea used B2-agonists (as needed) 
and ICS (on daily basis) .  However, although BPD and asthma share some clinical 
features, pathophysiologic pathways are different. Baraldi et al showed that -
d ifferently from what is observed in chi ldren with asthma- a irflow l imitation is 
not associated with an increase in exhaled nitric oxide.26 In future research it is 
necessary to objectify the long-term effects and/or the risks of ICS treatment and 
to implement this in  future treatment protocols. 
Respiratory syncytia l  virus (RSV) bronchiol itis is a major hea lth care problem 
in infants with past h istories of prematurity, especia l ly when BPD exists. Some 
authors have the opinion that infants with BPD are predisposed to respiratory fa i lure 
due to RSV because of increases in pulmonary vascu lar reactivity and pulmonary 
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edema formation .27 Chi ldren with BPD more often reported RSV-infections and 
subsequently admissions due to RSV. A possible bias is that only the most severe 
cases were tested and confirmed . The hospitalization rate for RSV bronchiol itis 
is rather high taking into account that a thi rd of the chi ldren had been treated 
with RS monoclonal antibody (pal ivizumab).  In previous studies hospitalization 
rates decreased from 46% to 4% after introducing palivizumab.28 RS monoclonal 
antibody did not prevent admission (due to RSV) in  this study. This may be due 
to lack of power to discover this association due to smal l  numbers, but may also 
be due to incomplete treatment: some chi ldren were hospital ized shortly after 
introduction of palivizumab and did not receive al l  doses . 
The decreased Xrs and higher fres in  chi ldren with BPD (compared to prematurely 
born chi ldren without BPD) found in this study are in agreement with the 
osci l lometric lung function study performed by Malmberg et a l .  They had similar 
findings in  (older) school-aged children with BPD.29 Compared to reference values, 
Rrs6, fres and frequency dependence of Rrs are increased and reactance is decreased 
in chi ldren with BPD. Theoretica lly, Xrs is mainly determined by elastic and mass­
inertial properties of the respiratory system;  at lower frequencies the elastic 
properties predominate and Xrs varies in relation to dynamic compliance. Dynamic 
compliance of the lung is decreased in both peripheral a irway obstruction and in  
d isorders causing stiffness of the lungs l ike interstitial fibrosis. 30•31 The increased 
resonant frequency and decreased reactance measured by FOT in BPD may reflect 
impaired elastic and mass inertial properties of the lung.  The negative frequency 
dependence of Rrs may reflect not only upper a irway motion, but also diminished 
peripheral a irway patency and mechanical  inhomogenities of the lungs. Du iverman 
et al  reported negative frequency dependence of Rrs in  chi ldren with BPD, but no 
significant difference in  Rrs6 compared to healthy controlsY Rint measurements, 
although perhaps easier to perform, provide less information. 
Previously, a positive effect of bronchodi lators on resistance parameters in  healthy 
preschool chi ldren has been reported, varying from a decrease in  resistance of 12% 
ti l l 19%.33•34 Compared with basel ine values, we observed a slightly greater (but not 
significant) mean bronchodi lator response of Rrs6 in chi ldren with BPD compared to 
chi ldren without BPD (23% vs 18%).  This small d ifference may be a manifestation 
of the changing pathology of infants with BPD. When Northway described "classical 
BPD", his population was relatively mature and they responded to the risk factors 
for BPD with fibrosis and smooth muscle augmentation of medium sized a irways, 
resulting in a irway obstruction.  The present population of BPD infants is often 
born very prematurely. Abnormal ities of lung growth and marked ly decreased 
numbers of a lveoli replace lung fibrosis. The BPD patients described in this study 
probably suffered from a combination of the new and classical form of BPD, as 
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they were not only very preterm but also needed prolonged mechanical ventilation 
and supplemental oxygen for a rather long period . Lung disease in "combined" 
BPD theoretica l ly has effect on alveolar level and lung fibrosis in the peripheral 
lung.  Therefore, measurements (such as f,.,. and Xrs) sensitive to changes in the 
mechanical properties of the intraparenchymal airways and the lung parenchyma 
are able to detect abnormalities . 
CONCLUSIONS 
3-5 year-old prematurely born ch i ldren with and without BPD reported high 
percentages of respiratory symptoms and medication use. Chi ldren with BPD 
cou ld be distinguished from ch i ldren without BPD based on a higher resonant 
frequency and a lower mean reactance, which may reflect impaired elastic and 
mass inertial properties of airways and lung tissue. No differences between the 
groups were found in respiratory resistance parameters (FOT and Rint) , a lthough 
the mean values of both groups were higher compared to reference va lues . 
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Objective: To study the prevalence of respiratory and atopic symptoms in (young) 
adu lts born prematurely, differences between those who did and did not develop 
Bronchopulmonary Disease (BPD) at neonata l age and differences in respiratory 
hea lth between males and females. 
Methods: Design :  Prospective cohort study. 
Setting :  Nation wide fol low-up study, the Netherlands . 
Participants : 690 adu lts ( 19  year old) born with a gestational age below 32 
completed weeks and/or with a birth weight less than1500g . Controls were Dutch 
participants of the European Community Respiratory Health Survey (ECRHS) .  
Main outcome measures : Presence of wheeze, shortness of breath, asthma, hay 
fever and eczema using the ECRHS-questionnaire 
Results: The prevalence of doctor-d iagnosed asthma was significantly higher in  
the ex-preterms than in the general population, whereas eczema and hay fever 
were significant lower. Women reported more symptoms than men. Preterm 
women vs controls : asthma 13% vs 5% (p<0.001 ) ;  hay fever 8% vs 20% 
(p<0 .001 ) ;  eczema 10% vs 42% (p<0 .001) .  Preterm men vs controls:  asthma 
9% vs 4% (p=0 .007);  hay fever 8% vs 17% (p=0.005) ; eczema 9% vs 31% 
(p<0 .001 )  Preterm women reported more wheeze and  shortness of breath during 
exercise (sob) than controls: wheeze 30% vs 22% (p=0 .009); sob 27% vs 16% 
(p<0 .001 ) ;  19-year-old women with BPD reported a higher prevalence of doctor 
diagnosed asthma compared to controls (24% vs 5% p <0 .001)  and shortness 
of breath during exercise (43% vs 16% p=0.008) . The preva lence of reported 
symptoms by men with BPD were comparable with the controls. 
Conclusions: Our large fol low-up study shows a higher preva lence of asthma, 
wheeze and shortness of breath in  the prematurely born young adu lts . 19-year-old 
women reported more respiratory symptoms than men . Compared to the general 
popu lation atopic diseases as hay fever and eczema were reported less often .  
BACKGROU N D  
Neonata l respiratory distress syndrome (RDS), previously ca l led hyal ine membrane 
disease, is mainly seen in preterm infants . The main causative factors lead ing 
to respiratory distress in preterm infants are structural immaturity of the lungs, 
surfactant deficiency and surfactant dysfunction . Most infants recover from RDS. 
However in infants with a birth weight between 500 and 1500 gram, 3 to 43%, 
develop chronic lung disease (CLD), a lso called bronchopulmonary dysplasia 
( BPD)Y 
High rates of respiratory i l lnesses and other morbidities have been reported in 
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survivors born prematurely in the 1970s and 1980s. 3•5 However reports on long term 
outcome of respiratory hea lth in adolescents and young adu lts born prematurely 
are l imited.  This can be explained by the continuously changing approach to the 
treatment of the preterm infant with neonata l RDS, and BPD being a relatively 
young disorder firstly described about 35 years ago. 1 As the prevalence of both 
preterm birth and BPD is on the rise and treatment is assessable also in younger 
infants (from 25 weeks of gestational age), the number of survivors of prematurity 
wi l l  increase.6 
In most reported studies the rates of re-hospitalisation of preterm and/or 
(extremely) low birth weight infants during the first two years of l ife, approach or 
exceed 50%.7 Overal l ,  respiratory infections are the most common ind ication for 
re-hospita l isation.8 The hygiene- hypothesis states that environmental changes 
in the industrial ised world have lead to reduced microbial contact at an early 
age and thus resulted in the growing epidemic of atopic d iseases as eczema and 
rhinoconjunctivitis. We were wondering whether the respiratory infections during 
early l ife in preterm children resulted in a low preva lence of atopic d iseases later. 
The a im of the study was to examine the presence or development of respiratory 
or atopic symptoms in the whole group of (young) adu lts born prematurely and 
specifical ly if premature born did encounter irreversible injuries. In addition, we 
studied differences in respi ratory health at adulthood between those who did and 
did not develop BPD at neonata l age. Male gender is a risk factor for neonata l 
RDS, BPD and even death .9-12 Boys with neonata l RDS seem to have more hea lth 
problems than g irls during the neonatal period . 13 This lead to the question whether 
we could find differences in  respiratory health between young adult males and 
fema les. 
M ETHODS 
Respiratory health was studied in adults born prematurely in a prospective cohort 
study. In the early eighties a nation-wide survey was started by the Division of 
Perinatology of the Dutch Paediatric Association.  Information was col lected on the 
incidence of very preterm and very low birth weight i nfants and subsequently on 
their outcome on mortal ity, morbid ity and handicap. 14•15 Pre-, peri-, and neonata l 
data of Dutch infants born al ive with a gestational age (GA) below 32 completed 
weeks and/or with a birth weight less than 1500 g, were col lected prospectively. 
The study ultimately consisted of 1338 infants, constituting 94% of the el igible 
infants born in 1983 in  the Netherlands. All 998 infants surviving the initial hospital 
stay were enl isted for long term fol low-up. Between their birth and the fol low up 
visit in  2002 379 chi ldren d ied, leaving 959 l iving participants at age 19.  BPD was 
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defined as clin ical signs of respiratory distress, with an abnormal chest X-ray and 
an oxygen requirement after 28 days of age. 
The European Community Respiratory Hea lth Survey (ECRHS) questionnaire, was 
mai led to the 959 l iving participants. 16 This standardised questionnaire was used 
to assess the preva lence of respiratory symptoms and asthma, in relation to wel l ­
known (environmental)  risk factors. The Dutch part of the ECRHS data in  the 
youngest age group (20-45 years) was used as control group (644 male and 666 
female randomly selected subjects from the general population) .  The study has 
been approved by the Ethical Committee of TNO Leiden, the Netherlands. 
Statistical analysis 
Data were ana lysed using the Chi2test to compare the preva lence of respiratory 
symptoms among both ex-preterms and those of the general population . If 
numbers were too small to use Chi2test, we made use of Fisher's exact test. We 
studied the independent effects of birth weight, gestational age, gender, duration of 
mechanical  venti lation, smoking habits of the parents during the youth of the child 
and family history of atopic diseases and asthma on the presence of wheeze using 
multiple logistic regression analysis. Likewise we studied the independent effect of 
these potential risk factors on the presence of asthma, shortness of breath (with 
or without exercise), hay fever and eczema respectively. All statistical procedures 
were performed using SPSS 10 .0 .  P-va lues less than 0 .05 were considered to be 
significant (2 sided tests) .  
RESULTS 
The overal l  response rate was 72% (n = 690) .  Patient characteristics are shown in 
Table 1. The non-responders were more l ikely to be male, have foreign national ities, 
lower socia l-economic status, disabil ities and lower school performances at an 
earlier age than the responders. No differences in birth weight, gestational age or 
duration of mechanical ventilation were assessed . 
Premature born 
The results of the ana lyses of the ex-preterms (GA ::;; 32 weeks) are shown in Table 
2. The preva lence of doctor-d iagnosed asthma and shortness of breath during 
exercise was significantly higher in  the preterm than in the general population, 
whereas eczema and hay fever were sign ificantly lower. The premature born 
women reported more symptoms l ike wheeze than the controls. Women with a 
birth weight less than 1500 gram (GA >32 weeks) reported more often wheeze 
and shortness of breath but less al lergy and eczema than the female controls. We 
found no such differences in males. 
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Table 1. Characteristics participants "Project On Preterm and Small  for gestational age 
infants" (POPS) followed up at the age of 19 year 
Gestational age (weeks), 
mean (range), SD 
Birthweight (grams) 
mean (range), SO 
male/female (%) 
BPD (yes/no/unknown) (n) 
duration mechanical 
ventilation (days) 
mean (range), SD 
BPD 
total followed-up 
n = 690 
3 1  (26-4 1) ± 2.5 
1309 (560-2580) 
± 293 
320/370 ( 46/54) 
58/505/127 
4 . 5  (0-55) ± 8 . 1  
Gestational age Gestational age 
s 32 weeks >32 weeks 
n = 508 n = 182 
30 (26-32) ± 1 . 5  3 4  (32-41) ± 1 , 5  
1 3 2 0  (560-2580) 1277 (600-1495) 
± 325 ± 175 
244/264 (48/52) 76/106 (42/58) 
55/362/91 3/143/36 
5.7 (0-55) ± 8.9 1.1 (0-4 1 )  ± 3.8 
1 1 1  Chi ldren developed BPD (8 .2%);  28 of them (25%) died. Boys (n  = 72) were 
more prone to develop BPD than girls (n == 39).  The response rate among BPD­
patients was 69%. Since the number of BPD patients with a GA >32 weeks was 
only 3, we decided to ana lyse the results of the patients with a GA s 32 weeks 
(table 3 ) .  Compared to female controls, 19-year-old females with BPD reported a 
higher prevalence of doctor-diagnosed asthma, wheeze and shortness of breath 
during exercise. The BPD males reported sign ificant less hay fever and eczema 
than the male controls. 
Respi ratory symptoms and atopy 
In regression ana lyses dyspnea, asthma, wheeze, dyspnea on exertion, hay fever 
and eczema were assessed as outcome parameters. Dyspnea was sign ificantly 
related to long term mechanical venti lation and BPD, maternal asthma and 
current smoking. An inverse relation was found with gestational age. Asthma 
was significantly related to maternal asthma.  Wheeze was significantly related to 
female gender and current smoking habits and tended to be related to maternal 
smoking during the youth of the participant. Shortness of breath during exercise 
was related to female gender and smoking in the past. We found no sign ificant 
associations of birth weight, gestational age, duration of mechanical venti lation, 
gender, smoking habits or BPD to hay fever and eczema (see table 4) . Young 
adu lts with recurrent respiratory infections in infancy reported more asthmatic 
symptoms than those without respiratory infections (p < 0 .001) .  No sign ificant 
differences were found between recurrent respiratory infections and hayfever 
or eczema. Young adults with sepsis during the neonatal period reported less 
hayfever than those without sepsis (p = 0.03),  but no sign ificant differences were 
found between sepsis and asthma or eczema. 
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ID Table 2. Prevalences of symptoms. The chi ldren born with a gestational age (GA) s; 32 weeks were compared with those born with a GA I �  en >32 weeks (birth weight ( bw) < 1500 g) and with controls accord ing to gender. 'tl .... 
p-value p-value p-value I ;  Symptom GA s 32 w GA >32 w controls GA S 32 w GA >32 w GA S 32 w 
vs vs vs 
controls controls GA >32w 
yes (%) yes (Dfo) yes (%) 
Have you had wheezing in  your  chest at any females 79(29.9)  32(30 .5)  145(21 .8)  0.009 0.05 0.9 
time i n  the last twelve months? males 42(17 .4) 15(19 .7)  122(18 .9)  0 .6  0 .9  0.6 
Have you had this wheezing females 35(13.3)  13(12.4) 87( 1 3 . 1 )  0 . 9  0 . 8  0.8 
when you did not have cold? males 25(10 .4) 8(10 .5)  73( 1 1 .3) 0 . 7  0 .8  0 .96 
Are you troubled by shortness of  breath when females 60(26.8) 28(34 .1 )  104( 16.3)  <0.001 <0.001 0 . 2  
hurrying o n  level ground o r  walking up a slight hi l l? males 19(10 .4) 8 ( 1 2 . 1 )  61(9.9) 0 . 8  0 . 5  0.7 
Do you get short of breath walking with other females 17(7.5) 6(7.5)  1 1 ( 1 .  7)  <0.001 0.001 1 .0  
people of  your own age  on  level ground? males 5(2.8)  2(3) 9(1 .5 )  0 .23 0 . 3  1 . 0  
D o  you have to stop for breath when walking females 12(5 .3)  4(5. 1 )  1(0.2)  <0.001 <0.001 0.9 
at  your own pace on level ground? males 6(3 .3)  0(0)  4(0.6) 0.004 0 . 5  0 . 3  
Have you ever had asthma? females 33(12 .7) 7(6. 7 )  31(  4 .  7 )  <0.001 0 . 3  0 . 1  
males 2 1(9) 12(16) 28(4. 3) 0.007 <0.001 0 .08 
Have you had an attack of asthma females 12(  4.6) 4(3.8) 15(2.3)  0.05 0 .33 0.9 
in  the last twelve months? males 5(2.4) 2(2.7) 2(0.3)  0 .004 0 .009 0.7 
Do you have hay fever? females 20(7.6) 8(7.5)  1 35(20.4) <0.001 0.002 0.9 
males 23(8.4) 8(10 .5) 109(17)  0.005 0 . 15 0 .8  
Do  you have eczema? females 26(9.8) 9(8.5) 276(4 1 .  7) <0.001 <0.001 0.7  
males 23(9 .4) 8(10 .5)  196(30.5)  <0.001 <0.001 0.8 
Table 3 .  Prevalence of symptoms in participants with a gestational age !5 32 weeks with & without BPD and controls according to gender. 
Symptom BPD No BPD controls p BPD p no BPD pBPD 
yes (%) yes (%) yes (%) vs controls vs controls vs no BPD 
--
Have you had wheezing fema les 7 (41 . 1 )  5 8  (29 . 5) 145 ( 2 1 .8) 0.06 0.025 0.3  
in your chest at any time in males 9 (23. 7) 25 (15 .3 )  122 ( 18.9) 0 . 1 8  0 .28 0 .2  
the  last twelve months? 
Have you had this wheezing females 6 (35.3)  23 ( 1 1 .7) 87 ( 1 3 . 1 )  0.008 0 . 6  0.006 
when you did not have cold? ma les 4 ( 10.8)  15 (9.2) 73 ( 1 1 .3 )  0 .9  0 .4 0 .7  
Are you troubled by shortness females 6 (42 .9)  41 (20 .8)  104 ( 16.3)  0.008 0.01 0 . 1 3  
o f  breath when hurrying o n  level males 3 (12 .0)  13 (10 .2)  61 (9 .9)  0 .7  0 .9  0 .7  
ground or walking up a slight hi l l? 
Do you get short of breath fema les 0 (0) 12  (7. 1 )  1 1  ( 1 . 7) 0 .6  <0.001 0.6 I f  walking with other people of males 0 (0) 5 (3.9)  9 ( 1 . 5 )  0 . 5  0.06 0.6 your own age on level ground? ., 
Q. 
Do you have to stop females 0 (0) 6 (3.6) 1 (0 .2)  0 . 8  <0.001 1 .0  I f  for breath when walking at your ma les 0 (0) 6 ( 4. 7) 4 (0 .6)  0.7 <0.001 0.6  own pace on level ground? 
n 
Have you ever had asthma? females 4 (23.5) 23 (12) 3 1  (4.7) <0.001 <0.001 0 .2  I �· males 3 (8. 1 )  13 (8.2) 28 (4.3)  0 . 28 0.05 1 .0  ., 
tD 
Have you had an attack of females 1 (6.25) 10 (17 .2)  15 (2 .3)  0 . 32 0.007 1 . 0  I �-asthm a  in the last twelve months? males 0 (0) 4 (2 .5) 2 (0 .3)  0 .73 0.004 0 . 5  ... 
Do you have hay fever? females 1 (5 .9)  16 (8. 1 )  135 (20.4) 0 . 1 3  <0.001 0.7  I �  males 1 (2.6) 20 (12) 109 ( 17) 0.02 0 . 1  0 . 1  < 
Do you have eczema? females 5 (29.4) 18 (9 . 1 )  276 (41 .7) 0 . 3  <0.001 0.01 l i  males 3 (7 .9)  13 (7.9) 196 (30.5) 0.002 <0.001 1 . 0  IQ .... 
10 Table 4. Odds ratios (95% confidence intervals) for respi ratory symptoms, hay fever and eczema, determined by multiple regression I f  GO analysis. Significant relations are printed in bold .  Birth weight, gestational age, duration of mechanical ventilation and smoking habits are entered as categorical covariates. ID ... 
dyspnea asthma wheeze SOBDE* hayfever eczema 
. CII 
-- -
birth weight (gram) 500-1000 0.4 (0 .2- 1 . 1 )  0 . 6  (0 .2-2.4) 1 . 6  (0. 7-4.0) 0 .6  (0.2-1.9) 1 .2 (0.3-4.4) 1 .2 (0 .3-4.5) 
1000- 1500 0.5 (0 .3- 1 . 2) 0 .8  (0 .3-2.0) 1 .  7 (0.8-3.6) 1 .0 (0 .4-2.3) 1 .4 (0 .5-3.6) 1 .5 (0.6-4.3) 
Gestational age (weeks) t i l l  28 0.4 (0.2-0.9}t 0.8 (0 .2-2.6) 0 .9  (0.4- 1 .9) 1.1 ( 0 . 5-2.7) 1.3 (0 .4-4.2) 0 .9  (0.3-2.7) 
28-3 1 0.5 (0.2-0.9}t 1 . 1  ( 0.4-2.6) 1 . 0  (0.6- 1 .9) 0 .7  (0 .3-1 .4) 1 . 2  (0 . 5-2.9) 0.9 (0.4-2.3)  
Mechanical ventilation 1-7 days 1 . 1  (0 .6-216) 1.3 (0 .6-3 . 1 )  1 . 0  (0.5- 1 . 9) 1 . 1  ( 0 . 5-2.2) 1 .4 (0.6-3.2) 1 .21 (0.5-2.8) 
(days) 8-28 days 0.9 (0.4-2 .2)  0 . 3  (0 .1-1 .5 )  1 . 2  (0.6-2.6) 0 .7  ( 0 . 3- 1 .9) 0 .7  (0 .2-2.3) 1 . 1  (0.4-3.4) 
> 28 5.2 ( 1.2-23.3}t 0.3 (0 .0-4.0) 1 . 6  (0.4-6.9) 0.2 ( 0 . 2-2.7) 0 .7  (0 . 1 -7.7) 0.4 (0.0-3.7) 
female gender 1 . 6  ( 1 .0-2.  7) 1 . 2  (0 .6-2.3) 2.0 ( 1.2-3.2}t 3.8 (2.0-7.3} *  0 .7  (0. 1-7.7) 1 .3 (0.7-2.5) 
Maternal smoking 1 . 1  (0 .6-1 .9)  1 .6  (0 .  7-3 .5)  1 .6  ( 1 .0-2.8) 1.3 (0 .  7-2.5)  0 .6  (0.3-1.3)  1 .0 (0.5-2 . 1 )  
Maternal asthma 2.5 (1 .2-5.4}t 4.2 ( 1.8- 10.5}* 1 .3  (0.6-2.9) 1.6 (0 .6-4. 1 )  1 . 8  (0 .6-5.2) 2 .0  ( 0 .  7-5.3)  
BPD 3.1 (1 .2-8.2}t 3 . 1  (0 .7-14.6) 1 .5 (0 .6-3.6) 2.0 (0 .6-6.9) 0.4 (0 . 1-2 .3)  2 .4 (0.8-7.4) 
Smoking participant past 1 . 2  (0.6-2.5) 0.6 (0 .2-1 .7) 0 . 9  (0.4- 1 .9) 2.2 ( 1.0-4.8}t 1.5 (0.6-3.6) 1 .4  (0 .6-3.4) 
"party" 0 . 5  (0. 1- 1 . 5) 0.9 (0 .3-2.9) 1.9 (0.8-4.0) 0. 9 (0 .3-2.5) 0 . 3  (0 .0-2.3)  1 .3 (0.5-3.8) 
daily 2.7 ( 1 .5-5. 1 } *  0 . 4  ( 0 . 1 - 1 . 1 )  2 . 6  ( 1 . 5-4.6)=1: 1.5 (0 .7-2.9) 1 .6 (0. 7-3. 7) 1 .0 (0.4-2.5) 
*SOBDE = shortness of breath d uring exercise, t p < 0 . 0 5, * p = 0.001 
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DISCUSSION 
In this long-term fol low-up of ex-preterms into adu lthood we found a higher 
prevalence of asthma, wheezing and shortness of breath during exercise in the 
ex-preterms (especia l ly the women) compared to the general population.  Atopy 
( i .e .  hay fever, rh ino-conjunctivitis and atopic dermatitis) was significantly lower 
in the ex-preterms compared with the controls. In this study, we did not perform 
lung function, skin prick or RAST tests to confirm the diagnoses. However, the 
relation between subject reported symptoms on the basis of the used ECHRS 
questionnaire and lung function is studied earl ier. Subject reported symptoms 
were related to impaired lung function and to increased variabil ity of peak flowY 
Long-term reports on respiratory health in infants born prematurely are l imited 
and contradictory. Respiratory hea lth of preterm children of birth weight � 1500 g 
at 14 years of age has been reported to be comparable to that of term controls.18 
Others found that infants born prematurely with and without a history of neonata l 
RDS, but who did not develop BPD, have an increased preva lence of airway 
hyperreactivity compared to ful l  term controls which can persist into early adult 
l ife . 3•4 At school age bronch ial obstruction and increased bronchial responsiveness 
have been demonstrated in prematurely born chi ldren . 19 
Preterm birth and asthma 
The pathophysiology of neonatal RDS is not completely understood, but it has been 
demonstrated that factors such as mechanical venti lation and oxygen lead to an 
inflammatory process, which could result in  an early Th1- response. Moreover, in 
most reported studies the rates of re-hospitalisation of preterm and/or (extremely) 
low birth weight infants during the first two years of l ife, approach or exceed 50%.7 
Respiratory i l lnesses and especial ly respiratory infections are the most common 
indication for re-hospitalisation in  this patient group. Also in our cohort the re­
hospitalisation-rate in early childhood was high (34%) . 14 In contrast re-admission 
rates for normal birth weight infants are much lower (about 20%) .7 Asthma is 
often characterised by symptoms l ike shortness of breath and wheeze; reversible 
airway obstruction ; a irway hyper-responsiveness and airway inflammation.  In 
children and young adults, asthma is associated with atopy through IgE-dependent 
mechan isms, and airway-inflammation is partly related to helper T type 2 (Th2) 
lymphocytes and eosinophil mediation. 20 Preterm born adults report asthma-like 
symptoms, but less a l lergy compared to controls. Decreased risk of atopy is also 
found in a Finnish prospective birth cohort study comparing term and preterm 
adults : high gestational age increased the risk of atopy at the age of 3 1 . 21 The 
early Th 1- response, in combination with serious infections in the first two years 
of life, could be an explanation for the lower preva lence of atopy, which is in l ine 
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with the hygiene-hypothesis,22 Others found that ch i ldren who were septic in the 
neonata l period were less l ikely to have asthma.23 We could not confirm this. 
However, young adu lts who were septic during the neonata l period did report 
less hayfever. In our study, adu lts with recurrent respiratory infections in infancy 
did not report less but more asthma . This is remarkable considering that early 
exposure to endotoxins or other al lergens enhance Thl -type cytokine responses 
tip the balance away from Th2-type responses that favour the development of 
al lergic d iseases including asthma.24 The high rate of respiratory symptoms might 
be due to sustained increased vulnerabi l ity of the immature airways in a way that 
mimics asthma, but is not exactly the same. 
Gender 
Male gender is a risk factor for neonata l RDS and BPD.9-11 Boys with neonatal 
RDS seem to have more hea lth problems than girls during the neonata l period 
and school age. 13•23 However, long-term outcome shows gender d ifferences in e .g .  
school-performances, but not in respiratory health . We found that particularly 
women reported symptoms as wheeze and shortness of breath . In the 'genera l '  
popu lation both incidence and preva lence of  wheeze and asthma is  higher in  
males than in  females until the age of 16 year.25•26 In adulthood, asthma occurs 
more frequently among women.25•26 The observed variation between males and 
females in the general popu lation has partly been explained by dys-synnaptic 
lung growth : the independent growth of the airways in comparison with the lung 
parenchyma and a ir  spaces. In g irls, growth of the airways is proportional to 
growth of lung parenchyma, whereas in boys growth of the a irways lags behind 
that of lung parenchyma, causing a d iscrepancy between a irway and lung size . 27 
Different pubertal patterns of thoracic growth between the sexes results in an 
approximately 25% higher lung function in males than in females of identical 
height at the end of puberty. We speculate that a similar process takes place in the 
preterm born population, although the underlying mechanism is not understood . 
Another explanation might be that large individual differences exist in physical 
symptom reports . Women may require a greater amount of cognitive ana lysis (and 
thus more attention)  to make judgements about physical symptoms compared to 
men.28 
There have been few reports of respiratory health during exercise. Our finding 
of a high percentage of participants that reported shortness of breath during 
exercise, is in  agreement with a study showing low oxygen consumption in  low 
birth weight chi ldren compared to children with a normal birth weight.29 The 
authors suggested that extremely low birth weight children have a lower level of 
fitness than controls. 
100 
Gender differences in respiratory symptoms 
BPD 
Airway obstruction and airway hyper-reactivity persisted in  children and adolescents 
with BPD.3•4•30 Long-term studies in children who had BPD as infants showed 
persisting lung function abnormal ities consisting of a i rway obstruction, airway 
hyper-reactivity, and hyperinflation.5•31 Both BPD and asthma are characterised 
by increased smooth muscle contraction and symptoms of both d iseases are 
therefore perhaps difficult to distinguish. As stated above, a i rway inflammation 
is an important feature in  chi ldren and adults with asthma.  Studies showed that 
inflammation plays an important role in  the pathogenesis of BPD. Contrary to 
asthma, however, the BAL-fluid reflects a Th l-cel l  subtype.32•33 Even more than 
preterm infants without BPD, infants with BPD are l ikely to be re-hospitalised 
early in childhood with a respiratory i l lness.8•34 The same mechanism as described 
above could be an explanation for the low prevalence of hay fever and eczema, 
despite the asthma-l ike symptoms. 
Analysis of risk factors for respiratory symptoms 
The regression analysis confirmed the association between dyspnea and 
respectively long-term mechanical venti lation, BPD and smoking of the participant. 
We expected to find high risks for respiratory symptoms in the young adults with 
a (very) low birth weight or born (very) prematurely due to the immaturity of 
the airways at birth . However, the degree of prematurity or dysmaturity did not 
increase the risk at a l l .  As a matter of fact, the risk for dyspnea was even lower 
in the children born very prematurely. In seeking to understand this we speculate 
that these young adults have a bias toward symptom detection and the feeling 
of distress because they are used to physical l imitations. Future research should 
investigate the extend to which physical symptoms correlate with lung function 
abnormalities . 
A l imitation of our study might be that the age range of the preterms and the 
general population sample is not exactly the same. However, the preva lence of 
respiratory symptoms is probably increasing with age. Therefore, the differences 
might even be more obvious when the results of young adu lts born prematurely 
could be compared with peers from the general population .  As the complete cohort 
was inhomogeneous in the sense that it consisted of either preterm or small for 
gestational age infants, we choose to ana lyse the data of the preterm children (GA 
:5 32 weeks) .  The possibi l ity that symptoms will disappear and that ex-preterms 
wil l  "grow out" of their d isease after adolescence is l ikely to be very smal l  because 
the lungs stop growing and developing after that age. It might even be possible 
that symptoms come back or become more severe during adulthood, as has been 
observed in long-term follow-up of asthma .35 
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CONCLUSION 
Our study clearly demonstrated that more than a third of young adu lts born 
preterm suffer from respiratory symptoms (higher preva lence of asthma, wheeze 
and shortness of breath) and need more medical care than peers. Not only 
paediatricians, but also family doctors and chest physicians should be aware of 
this 'new' group of patients in which respiratory symptoms wil l  never disappear. 
Especial ly women seem to be more vulnerable on their way to adu lthood and report 
more respiratory symptoms than controls. Future research should investigate to 
what extend physical symptoms correlate with lung function abnormalities . On 
the other hand, our findings are encouraging because a lot of young adu lts born 
preterm, survive with no or only minor respiratory problems and compared to the 
general population atopic diseases as hay fever and eczema were reported less 
often .  
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Rationale: Limited information is avai lable about the long-term outcome of lung 
function and exercise capacity in young adu lts born prematurely. 
Objective: To determine long-term effects of prematurity on lung function 
(volumes, diffusing capacity) and exercise capacity in ex-preterms compared with 
hea lthy peers. 
Methods: In a prospective cohort study, chi ldren born with a gestational age of 
less than 32 wk and/or a birth weight under 1 ,500 g were followed up for 19 yr. 
Participants (n  = 42; mean gestational age, 30 wk, and mean birth weight, 1 ,246 
g) and healthy term control subjects (n = 48) were recruited for lung function and 
exercise tests. 
Measurements: Spirometry, bodybox (TLCbax), diffusing capacity (DLc0), bicycle 
ergometer test. 
Main Results: Preterm birth was associated with lower FEV1 (preterms, 95% 
predicted, vs. controls, 1 10% predicted ; p < 0 .001) ,  Dlc0sb (88% predicted vs. 
96% predicted, p = 0 .003), and exercise capacity ( load, 185 vs. 216 W; p < 
0 .00 1 ;  anaerobic threshold :  mean, 1 ,546 vs. 1 ,839 ml/min; p < 0 .001)  compared 
with control subjects at fol low-up. No differences between the groups were found 
in  TLCbax' peak oxygen consumption (l.02), and breath ing reserve. No significant 
d ifferences in  lung function and exercise parameters were found between preterms 
with and without bronchopulmonary dysplasia . 
Conclusions: Long-term effects of prematurity were airway obstruction and a 
lower CO diffusing capacity compared with control subjects, a lthough mean lung 
function parameters were within the normal range. Ex-preterms had a lower 
exercise level ,  which could not be explained by impaired lung function or smoking 
habits, but might be due to impaired physical fitness. 
I NTRODUCTION 
Respiration in preterm infants is compromised by anatomic immaturity of the 
lungs, impaired or delayed surfactant synthesis, underdeveloped chest wall 
anatomy, and inefficient clearing of lung secretions . These factors may cause 
edema of the pulmonary interstitium, disruption of alveolar capi l lary membranes, 
damage of the alveolar spaces and inadequate gas exchange immediately after 
birth . In the 1980s, treatment of this condition was supportive and consisted of 
artificial venti lation and administration of high concentrations of oxygen . Prolonged 
mechan ical venti lation and/or oxygen supplementation treatment may contribute 
to i rreversible damage of lung parenchyma and small airways. The question arises 
whether these pathologic changes at early age contribute to diminished lung 
function and exercise capacity in  later l ife . 
Limited information is avai lable about the long-term outcome of lung function in 
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young adu lts born prematurely. Fol low-up studies on lung function show confl icting 
resu lts : some authors report that preterm ch i ldren regained normal lung function 
and exercise performance by school age. 1•2 Others describe obstruction of small 
a irways and lower levels of fitness in  adolescents born prematurely.3-s Diffusing 
properties of lung tissue at school age were significantly lower after preterm birth 
compared with control subjects.6 Whether preterm birth is a lso associated with 
reduced exercise capacity later in l ife is yet unknown.  Moreover, it is unclear 
whether or not poor lung function is the l imiting factor in purported reduced 
exercise capacity. 
The aim of the study was to investigate the long-term effects of prematurity on 
lung function and exercise capacity. This is the first time that lung function was 
performed in this cohort. Some of the results of this study have been previously 
reported in the form of an abstract. 7 
M ETHODS 
Study G roups 
In a prospective nationwide Dutch study (Project on Preterm and Small for 
Gestational Age Chi ldren [POPS]) ,  a l l  chi ldren born in 1983 with a gestational age 
of less than 32 wk and/or a birth weight under 1 ,500 g were followed up to 19  yr 
of age. Perinatal and neonatal data, collected prospectively, included gestational 
age, birth weight, duration of mechanical venti lation, supplemental oxygen 
therapy, and maternal smoking habits. Bronchopulmonary dysplasia ( BPD) was 
identified by the need for oxygen for more than 28 d and by chronic changes on 
the chest X-ray. None of the neonates received exogenous surfactant. The POPS 
study consisted of 1 ,338 infants, constituting 94% of the eligible subjects. All 998 
infants surviving the in itial hospital stay were enl isted for fol low-up. Mortal ity and 
morbidity data for this birth cohort have been publ ished elsewhere.8 Between 
their birth and fol low-up visit in 2002, 379 chi ldren died, leaving 959 l iving 
participants at age 19. The 99 participants visiting two hospitals in the northern 
part of the Netherlands {Groningen and Zwolle) were invited to participate in this 
study. We asked the participants to bring a hea lthy friend to participate in the 
present study as an age-matched control subject. For participants unable to bring 
a friend, age-matched (medica l)  students were recruited . A detai led history (partly 
by questionnaire) was taken and al l  participants underwent physical examination 
before the lung function tests . The control subjects were confirmed to be "hea lthy" 
(no symptoms, no special medication except usual medication such as 
contraception) .  To be informed on their physical activity, we asked the participants 
what kind of sports activities they performed. We asked the following questions 
(European Community Respiratory Hea lth Survey II questionnaire ) :  How often do 
you usually exercise so much that you get out of breath or sweat? How many 
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hours a week do you usually exercise so much that you get out of breath or sweat? 
From the combination of responses to these questions, we derived the information 
presented in Table 1 .  The study was approved by the medical ethics committee, 
and al l  participants gave their written, informed consent. 
Pulmonary Fu nction Tests 
Lung function tests were undertaken in  the lung function laboratory (Viasys 
Hea lthcare GmbH, Hoechberg, Germany) of the University Medical Center 
Groningen. All measurements were performed by professional lab technicians 
according to guidelines of the European Respiratory Society (ERS) .9•10 FVC, FEV1, 
forced expiratory flow after 25, 50, 75% of VC expired (FEF25, FEFSO' FEF75) ,  
and peak expiratory flow (PEF) were measured using a pneumotachograph. At 
least three simi lar curves were required before any spirometric test variable was 
accepted . The curve with the largest sum of FVC and FEV1 was used for analysis. 
Participants wore nose-cl ips during the tests . 
Tota l and specific airway resistance (Raw, sRaw), specific airway conductance 
(sGaw), thoracic gas volume, total lung capacity (TLCb0.) ,  and residual volume 
(RV) were measured using whole body plethysmography. Diffusing capacity (Dlco 
and Kc0) was measured by single-breath method . The results obtained in each 
group were evaluated as percentages of va lues predicted (ERS) based on actual 
height. 10 
For Dlco and Kco• the reference va lues of the ERS were used .U  Dlco values 
corrected for hemoglobin (Hb) were ana lyzed . (The Hb was measured in a lmost al l  
participants .  Two participants did not give permission for taking blood samples . )  
Corrections for Hb concentrations were made accord ing to American Thoracic 
Society (ATS) guidelines. 12 
Maximal Exercise Test 
Maximal exercise capacity was measured using an incremental symptom- l imited 
bicycle ergometer test. The ergometer is magnetica lly braked (type ER 900 
L; Viasys Hea lthcare GmbH) .  Heart rate and rhythm were monitored with an 
electrocard iograph. Patients respired through a mouthpiece and wore a nose-clip. 
Minute ventilation (\>E), (ro2, and carbon dioxide output (\
·rC02) were measured 
and calculated from a mixing chamber every 30 s (MMC Oxygon Champion, 
Viasys Hea lthcare GmbH) .  Calibration of the gas analyzers and flow transducers 
was performed before each test. The test required 3 min of seated rest on the 
ergometer for collecting basel ine measurements. Subjects were then instructed to 
begin peda l ing at 60 to 70 revolutions/min .  After 3 min of un loaded cycl ing, load 
was increased every minute by 15 W. The participants were encouraged to cycle 
as long as possible. Dyspnea scores ( Borg) were obta ined during the test every 
minute. 13 Peak va lues for al l  variables were obtained by averaging data over the 
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last 20 s of maximum completed work. Peak V02 was predicted using formulae for 
hea lthy subjects. 14 Peak l E was pred icted by the formula of Carter (37 .5*FEV1) . 15 
Anaerobic threshold (AT) was obtained from the i nflexion on the l O/l'C02 plot. 
The AT was expressed as a percentage of the predicted peak l'Oz-
To determine the l imiting factor during exercise the fol lowing definitions were used . 
Accord ing to Wasserman and col leagues and ATS guidelines, cardiocircu latory 
l imitation was defined as having no heart rate reserve (peak heart rate ;>,predicted 
peak heart rate) . 14•16 A ventilatory l imitation was defined as having a breathing 
reserve ( i .e., the difference between the maximum voluntary ventilation and the 
maximal exercise venti lation) of less then 11 L · min-1 • 14 An oxygen uptake l imitation 
was defined as having an oxygen desaturation below 90%. A peripheral muscle 
l imitation was defined as having none of the other l imitations. Work efficiency 
was determined by the ratio of the increase in lf02 in response to a simultaneous 
increase in work rate. 14•16 
Statistical Analysis 
Normality of data distribution was checked using normal p-plots. The significance 
of differences among the two study groups was tested using unpa ired t test or 
X2 test. Linear regression ana lysis with lung function parameters as dependent 
variables and smoking and preterm birth as independent variables was performed 
to study whether differences remained after correcting for these potential 
confounders .  Subsequently, l inear regression analysis with exercise parameters 
as dependent variables and FEV1 and preterm birth as independent variables was 
performed. Data were analyzed using SPSS 12 .0  (SPSS, Inc., Chicago, IL) .  
RESULTS 
Participa nts 
A total of 44 of 99 (44%) candidates agreed to participate i n  this study {Table 1 ) .  
Two participants were not able to attend; one was able to perform lung function 
but not able to perform the incremental exercise test due to physical disabil ities. 
No differences were found between the 44 responders and 55 nonresponders with 
regard to birth weight, duration of mechanical venti lation, percentage of participants 
with BPD, or school performance at the age of 14. The most important differences 
between the study group and the tota l cohort were the percentage of participants 
with BPD and the percentage of participants with a handicap. The percentage of 
participants with BPD was significantly lower in the tota l cohort (8 vs. 21% in  
the study group, p = 0 .003).  The percentage of participants with a handicap was 
higher in the total cohort ( 19 vs. 8% in the study group; p not significant due to 
small numbers) . Other differences were smal l .  The mean gestational age of the 
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44 responders was 1 wk less (30 wk) than that of the 55 nonresponders (31  wk; 
p = 0.003). The mean gestational age of the total cohort was 30 wk (see Tables 
E1-E4 in the appendix) . The control group consisted of 48 persons (Table 1 ) :  12 
friends of ex-preterm participants and 36 (medica l)  students. Al l subjects of the 
Table 1.  Characteristics of the participants 
Preterm-bom Controls 
Number 42 48 
Male/female 21/21 16/32 
Birth weight, g 1246 ± 232 (720-1 ,750) N/A 
Gestational age, wk 30 ± 2 (26-36) Term (37-42) 
Duration of ventilator 6.3 ± 12 (0-51) N/A 
treatment, d 
BPD, % 
Yes 9 (21)  0 (0)  
No 32 (76) 48 ( 100) 
Unknown 1 (2) 0 (0) 
Age, yr 19 ± 0.3 ( 1 9-20) 20.8 ± 1.2 ( 1 8-22) 
Length, em 174.2 ± 7.6 (159-191) 176.5 ± 9.9 ( 148-200) 
Weight, kg 65.3 ± 8 . 1  (48-88) 69 . 1  ± 9 .5* (43-87) 
BMI, m/kg2 2 1 . 7  ± 3 (17-30) 22. 1 ± 2.4 ( 1 7-28) 
Smoking, % 
7 ( 15) t Yes 13 (31)  
No 22 ( 52) 38 (79) 
Unknown 7 ( 17) 3 (6) 
Exercise, h/wk 1 . 9  ± 2 (0-7) 2.9 ± 2* (0-7) 
History of asthma, % 
Yes 4 ( 10) 3 (6) 
No 35 (83) 42 (88) 
Unknown 3 (7) 3 (6) 
Current asthma, % 
Yes 1 (2) 0 (0) 
No 38 (90) 45 (94) 
Unknown 3 (7) 3 (6) 
Maternal smoking, % 
8 ( 17) + Yes 18 (43) 
No 16  (38) 37 (77) 
Unknown 8 ( 19)  3 (6)  
Maternal asthma, % 
Yes 0 (0) 4 (8) 
No 33 (78)  41 (85)  
Unknown 9 (22) 3 (6) 
Definition of abbreviations:  BMI = body mass index; BPD = bronchopulmonary dysplasia; 
N/A = not applicable. 
Parametric variables are expressed as mean ± SD (range) . t p = 0.04. 
t = 0 . 0 1 .  
p = 0 .002 .  
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control group were born at term . 
Lung Function 
Most lung function measurements were within the normal range for both groups 
(Table 2) .  FEF25, FEFw and FEF75 (as percentage predicted) of preterms were 
abnormally low. FVC, FEV1, FEV/FVC, PEF, and sGaw of ex-preterms were 
significantly lower than those of control subjects. TLCbox tended to be smaller 
in  the prematurely born, but this d ifference was not significant. The transfer 
factor (diffusion capacity) for carbon monoxide (DLc0) was significantly lower in  
the preterm group than in  the control subjects. Hb concentrations d id not differ 
between the groups. These results remained the same after adjustment for 
smoking habits using l inear regression analysis. 
Maximal Exercise Test 
Workload was 15% lower in ex-preterms than in control subjects (Table 3 ) .  The 
anaerobic threshold, VEmax, and maximum heart rate as percentage predicted 
were sign ificantly lower in the ex-preterms compared with the healthy control 
subjects. No d ifferences were observed between the groups in maximal V02, 
Table 2. Lung function indices in preterms and control subjects 
FVC, % pred 
FEV1, %  pred 
FEV/%FVC 
FEF25, % pred 
FEFsot % pred 
FEF75, % pred 
PEF, % pred 
TLCbox, % pred 
TGV, % pred 
RV, % pred 
RV/%TLC 
Raw, % pred 
sGaw, % pred 
DL.:0sb, % pred 
Kc0, % pred 
Preterm-bom (n = 42) 
97.7 ± 13 .7  
95 .4 ± 15 .9  
82.2 ± 8 .2  
8 1 .4 ± 22 .2  
75.3 ± 24.6 
75.3 ± 25.9 
87. 1 ± 2 1 . 8  
100 . 1  ± 9 . 9  
106.8 ± 2 1 . 9  
99.4 ± 28.3 
24.6 ± 5.3 
81.5 ± 37.2 
146 .3  ± 63.7 
88.4 ± 13.7 
95.5 ± 15.8 
Controls ( n  = 48) 
106.0 ± 10.8 
109.6 ± 13 .4 
87.4 ± 6.6 
106.2 ± 20. 1 
100.4 ± 26.8 
100 .5  ± 34.3 
107.5 ± 17 .1  
103.3 ± 9 .7  
104.9 ± 17 .8  
90 .3  ± 25 .3  
22.2 ± 5 .3  
60 . 3  ± 23.9 
179.6 ± 54.4 
96.3 ± 9 .9  









0 . 125 
0 .659 





0 . 165 
Definition of abbreviations: FEF251 50, 75 = forced expiratory flow after 25, 50, 75% of VC 
expired; Kco = transfer factor for carbon monoxide/ alveolar volume; PEF = peak expirato­
ry flow; Raw = airway resistance; RV = residual volume; sGaw = specific airway conduct­
ance corrected for lung volume; TGV = thoracic gas volume; TLC = total lung capacity; 
DL.:0sb = transfer factor for carbon monoxide (single breath : corrected for hemoglobin) .  
Values are means ± SD.  
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Table 3. Results of the exercise test (mean ± sd) 
Heart rate, max, % pred* 
Heart rate reserve, % t 
Load max, W 
Load max, % pred 
Breathing frequency, 
breaths/min 




\ 'Emax, L/min * 
\(entilatory reserve § 
\(02 rest, ml/min/kg 
\(02 at AT, ml/min/kg 
l(02max, ml/min/kg 




Respiratory exchange ratio, 
max I I  
Borg score 
Preterm-born 
(n = 41) 
87.8 ± 5 .9 
12 .2  ± 5 .9  
185 .4  ± 36 .9  
99. 1 ± 15  
16  ± 3 
35 ± 7 
0.53 ± 0 . 12 
2.0 ± 0 .5  
70 .0  ± 17 .9  
49.4 ± 10 .1  
5 .2  ± 1 .0 
23.8 ± 4 . 1  
3 5 . 3  ± 6 . 9  
93 ± 1 0  
1546 ± 289 
63.4 ± 10  
9.7 ± 0 .9 
1 . 2  ± 0 .09 
7 ± 3  
Controls ( n  = 47) p Value 
91.2 ± 5 .6 0 .007 
8.5 ± 5 .5  0.004 
2 16.4 ± 41 .2  < 0.001 
1 19.7 ± 22 < 0.001 
14 ± 3 < 0.001 
36 ± 6 0.414 
0 .63 ± 0 .26 0 .0326 
2.2 ± 0 .5  0 .085 
80.9 ± 20.8 0 . 0 1 1  
48.2 ± 1 1 . 5  0 .600 
4.6 ± 0 .8  0 .003 
26.6 ± 4.7 0.004 
37.4 ± 6 .3  0 . 143 
105 ± 20 < 0 .001  
1839 ± 447 0 .001 
74. 5  ± 12 .7  < 0.001 
9 .9 ± 1 . 1  0.271 
1.2 ± 0 .07 0.738 
7 ± 3  0 .358 
Definition of abbreviations: AT = anaerobic threshold; .&l 0/.&WR = oxygen uptake-work 
rate relationship. 
Values are mean ± SD. 
* Maximal heart rate as percentage predicted : maximal heart rate/predicted heart rate x 
100%. Predicted maximum heart rate (beats/min):  220 - age (yr) . 
t Heart rate reserve (%):  (predicted maximum heart rate - heart rate at maximum exercise)/ 
maximum heart rate x 100%. 
* Predicted maximum l'E: 37.5 x FEV,. . 
. 
§ Ventilatory reserve or breathing reserve : (predicted maximum \ 'E - maximum VE during 
exercise)/predicted maximum l'E x 190% . .  
I I Respiratory exchange ratio, max = \ 'CO/\ '02• 
breath ing frequency, venti latory reserve, oxygen uptake-work relationship, and 
Borg score . Fatigue and dyspnea were the most frequent reasons to stop bicycl ing 
in both groups. All subjects fulfi l led the criteria for a cardiocircu latory l imitation 
of maximal exercise capacity. No subjects reached the criteria for a venti latory 
l imitation, oxygen uptake l imitation, or muscu lar l imitation .  Additional adjustment 
for lung function did not change these results. 
Differences in Lung Function Parameters between Women and Men 
Preterm women had sign ificant lower TLCbox as percentage predicted than female 
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control subjects (mean, 98 vs. 104%; p = 0 .03) .  RV as percentage predicted 
was higher in preterm men than in male control subjects (mean, 1 15 vs. 93%; 
p = 0 .02) .  Also, the ratio of RV to TLC was significantly higher in preterm men 
(mean preterm, 26, control subjects, 21; p = 0 .008).  Kca tended to be lower in  
preterm men (98 vs .  108%, p = 0.07) .  Preterm women showed a significant 
lower maximal f'02 (30 vs. 35 ml/min/kg, p < 0 .001)  and tended to have a lower 
oxygen uptake-work relationship (9 . 1  vs. 9 .6, p = 0.07) .  
Differences i n  Lung Function a n d  Exercise Parameters between Ex­
Preterms with and without BPD 
The premature group consisted of a rather large percentage of participants with 
BPD (21  %),  so we decided to analyze the results of the participants with and 
without BPD to investigate whether BPD accounts for the found differences in 
lung function and exercise parameters. The participants with BPD were almost al l  
males (89%).  We compared the males with BPD (n  = 8) with ex-preterm males 
Table 4. Lung function indices in male preterm participants with bronchopulmonary dysplasia 
compared with male preterms without bronchopulmonary dysplasia 
FVC, % pred 
FEV,, % pred 
FEV,f%FVC 
FEF25, % pred 
FEFsor % pred 
FEF75, % pred 
PEF, % pred 
TLCbox, % pred 
TGV, % pred 
RV, % pred 
RV/%TLC 
Raw, % pred 
sGaw, % pred 
D'-c0sb, % pred 
Kco' % pred 
With BPD (n = 8) 
96.4 ± 1 3 . 1  
90 .1  ± 19 .8  
78.8 ± 8 . 1  
76.7 ± 28.0 
66 .7  ± 29.8 
63.2 ± 30.2 
86.3 ± 25.7 
102.2 ± 8.9 
123.8 ± 14. 1 
122.7 ± 25.4 
1 16 .6  ± 22.5 
82.4 ± 37.8 
129.9 ± 64. 5  
9 1 .4 ± 10 .5  
98 .6  ± 2 1 . 5  
Without BPD ( n  = 1 2 )  p Value 
99.2 ± 13 .7  0.656 
99.2 ± 17 .9  0. 302 
82.5 ± 1 1 . 1  0 .455 
83 . 1  ± 2 1 . 1  0 .569 
80. 1 ± 25.9 0 .298 
87.0 ± 29.2 0 .095 
91.3 ± 21 .4  0.758 
102.5 ± 8 . 3  0 .944 
1 2 1 . 3  ± 15 .0  0 .831  
111 .2  ± 29. 1  0 .372 
106.5 ± 27.6 0 .394 
70.6 ± 52.3 0 .593 
170.5 ± 83.4 0 .263 
94.5 ± 18.0 0 .748 
97.3 ± 17.0 0.800 
Definition of abbreviations: BPD = bronchopulmonary dysplasia ;  FEF25, 50, 75 = forced ex­
piratory flow after 25, SO, 75% of VC expired; Kco = transfer factor for carbon monoxide/ 
alveolar volume; PEF = peak expiratory flow; Raw = airway resistance; RV = residual vo­
lume; sGaw = specific airway conductance corrected for lung volume; TGV = thoracic gas 
volume; TLC = total lung capacity; 0'-c0sb = transfer factor for carbon monoxide (single 
breath : corrected for hemoglobin) .  
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Table 5. Results of the exercise test (mean ± sd) in male preterm participants with 
bronchopulmonary dysplasia compared with male preterms without bronchopulmonary 
dysplasia 
With BPD (n = 8)  Without BPD (n = 12)  
Heart rate, max,  % pred* 92.3 ± 4.4 86.8 ± 6 .0 0 .041 
Heart rate reserve, % t 7.7 ± 4.4 13 .2  ± 6 .0 0 .040 
Load max, W 2 1 1 .8 ± 16.9 206.2 ± 37.9 0 .700 
Load max, % pred 9 1 . 9  ± 9 94.0 ± 10  0.653 
Breathing frequency, 17 ± 2 18 ± 3 0 .394 
breaths/min 
Maximal breathing frequency, 37 ± 10 33 ± 6 0 .277 
breaths/min 
VT, L 0 .54 ± 0.07 0 .56 ± 0.09 0.561 
\{Tmax, L 2 .25 ± 0 .48 2.37 ± 0 .53 0 .622 
\/Emax, L/min * 79.0 ± 18 .2  76.3 ± 18 .1  0.754 
\{entilatory reserve § 53 . 1  ± 12.5 47. 5  ± 9 .0 0 .258 
t:o2 rest, ml/min/kg 5 . 5  ± 0.4 5.7 ± 1.2 0 .649 
\(02 at AT, ml/min/kg 27.0 ± 4.3 25.2 ± 3 .9 0.207 
l(02max, ml/min/kg 40.8 ± 5 .3  40.6 ± 5 . 1  0.952 
V02 max, % pred 93 ± 0 . 1  9 2  ± 0 . 1  0 .843 
AT, r:nl/min 1804 ± 199 1593 ± 254 0.065 
ATf.\102 pred 63.2 ± 0.09 57.8 ± 0 .09 0 .208 
1!!..\fo/l!!..WR, ml/min/W 10.2 ± 0 .7  10.3 ± 0 .9  0.773 
Respiratory exchange ratio, 1 . 2  ± 0.06 1 . 1  ± 0.07 0 .550 
maxi I 
Borg score 8 ± 2  8 ± 2  0 . 522 
Definition of abbreviations: AT = anaerobic threshold; BPD = bronchopulmonary dysplasia ; 
1!!..\>o/l!!..WR = oxygen uptake-work rate relationship. 
Only one participant with BPD was female. We therefore compared the males with BPD with 
ex-preterm ma les without BPD. Values are mean ± SO. 
* Maximal heart rate as percentage predicted : maximal heart rate/predicted heart rate x 
100%. Predicted maximum heart rate (beats/min ) :  220 - age (yr) . 
1 Heart rate reserve (%) : (predicted maximum heart rate - heart rate at maximum exercise)/ 
maximum heart rate x 100%. 
* Predicted maximum f"E : 37.5 x FEV,. . . 
§ Ventilatory reserve or breathing reserve: (predicted maximum l "E - maximum FE during 
exercise)/predicted maximum �-E x 190% . .  
I I  Respiratory exchange ratio, max = VCO/l'02• 
without BPD (n = 12) who completed the tests . No significant differences in lung 
function and exercise parameters were found between these groups (Table 4 and 
5).  
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DISCUSSION 
This study demonstrated that ex-preterms at young adulthood show mildly 
decreased airway patency, Dlco• and exercise capacity as compared with healthy 
control subjects. However, the pulmonary differences between the two groups 
did not account for the reduced maximal exercise capacity, as al l  participants 
showed a normal cardiocircu latory l imitation. Instead, the ex-preterms showed a 
sign ificantly lower anaerobic treshold than hea lthy control subjects, and tended to 
have lower work efficiency. 
The study popu lation might not be exactly the same as the total cohort. Taking 
into account that some participants with a handicap are not able to perform lung 
function and exercise tests, this study group approximates the total popu lation 
as much as possible. The use of medical students might select for a particularly 
fit population.  In a study by Peterson and col leagues, students were fitter than 
publ ished norms, but the average age of the students in  their study was older 
compared with our study groupY However, "to be fit" was not a selection criterion 
in our study. No differences existed between the students and other control 
subjects. Therefore, we have the impression that the students were representative 
for their age group and could be used as control subjects. 
Preterm birth was associated with a irway obstruction, specifical ly in the medium 
ca l iber and smal l  a irways, as shown by sign ificantly lower results in  FVC, FEV1, 
FEVJFVC, PEF, FEF25,50,75, and sGaw, and a higher Raw. These results are in l ine 
with previous publ ications.3•5 Quality and quantity of the a irways and lungs are 
probably largely determined during gestation. The two major pregnancy-related 
determinants of lung development are fetal  growth and duration of gestation. 18 
Premature del ivery in the last trimester does not affect normal a lveolar prol iferation 
or growth in  airway size. 19 However, the a irways are smal l  and have a relative 
increase in smooth muscle mass and mucus-secreting cells, which is accentuated 
by ventilator therapy.20 Arrested alveolar development has been observed in very 
premature infants and/or infants who are smal l  for gestational age.21•22 Repair of 
damaged airways ( remodel ing) can be an important factor in the development 
and persistence of increased bronchial responsiveness. Several studies in  children 
born prematurely found increased preva lence of asthma, which was associated 
with reduced expiratory flow rates.23•24 In this study, asthma prevalence was low. 
The exposure to maternal smoking was higher in the preterm group, which is a lso 
associated with airway obstruction.24-27 Parental smoking during pregnancy as well 
as during the early years of the child may have adverse effects on pulmonary 
function in chi ldren.28•29 It is l ikely that some of this effect is attributable to in utero 
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exposure because smoking during pregnancy has adverse effects on pulmonary 
development reflected in an impaired lung function measured in the neonata l 
period . 30 Postnatal environmental tobacco smoke exposure has been associated 
with smal l  decl ines in pulmonary function as well, but the mechanism underlying 
this effect has not been identified . Parental smoking during childhood and 
adolescent peer pressure are commonly cited as pred ictors of teenage smoking . 
However, others found weak and inconsistent associations between parental 
and adolescent smoking .31 Moreover, recent fol low-up studies showed a lack of 
any significant association between becoming a teenage smoker and parental 
smoking or the number of smokers in the home in childhood in their ana lyses.32 
Sibl ing and peer smoking show higher associations with adolescent smoking. In 
our cohort, we could not find a significant association between maternal smoking 
and smoking habits of the participants (X2, p = 0.09) .  The percentage of preterm 
participants who smoke was high compared with the control subjects. In genera l ,  
current smokers have a lower FEV1 and an accelerated decline in FEV11 compared 
with those who formerly or never smoked . A relatively low FEV1 by middle age 
and a faster-than-expected annual fa l l  in FEV1 are the two most useful findings 
in identifying smokers who are l ikely to develop severe pulmonary impairment.33 
In our study, results remained after adjustment for smoking habits using l inear 
regression ana lysis. 
The preterm group showed a lower Dlco compared with the control subjects, 
a lthough Kco was only reduced in the males. Dlco reflects the total diffusion 
capacity of the alveolar-capi l lary membrane of the lung, which is important for 
proper oxygen uptake during exercise. One of the major problems of preterm birth 
is the immaturity and/or underdevelopment of the lungs with reduced numbers of 
alveol i .  Intensive treatment can lead to reduced postnatal a lveolar prol iferation . A 
possible explanation for the observed lower Dlco is a decreased surface area for 
gas exchange because of a reduced number of alveol i .  Other explanations could be 
thickening of membranes (because of cicatrization, fibrosis, or pulmonary vascular 
disease), ventilation-perfusion mismatch ( inhomogeneity of a ir  distribution), or 
a disturbed binding with Hb. A former study in  school-aged ch i ldren also showed 
sign ificantly lower Dlco values and normal Kc0•6 The difference in Kco between 
men and women could be due to the more severe health problems boys have 
compared with girls during the neonatal period, which could result in more serious 
pathology. 34 
Maximal exercise testing provides information of the level of exercise a subject can 
perform. Ex-preterms reached a 15% lower load than hea lthy peers at adulthood . 
This is partly in l ine with previous studies in younger age groups, demonstrating 
low maximal oxygen consumption, suggesting a lower level of fitness for extremely 
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low birth weight ch i ldren compared with normal b irth weight ch i ldren .4•35-37 Others 
found normal card iopulmonary function of ex-preterms by school age.2•35-37 
We anticipated that ex-preterms might show decreased maximal exercise 
capacity because of a ventilatory or oxygen uptake l imitation. However, the mean 
breathing reserve was approximately 50% and no one demonstrated an oxygen 
desaturation. In addition, no differences were found between the two groups i n  
venti latory reserve, breathing frequency, VT, and  Borg dyspnea score. Th is means 
that ventilation and oxygen uptake were not the l imiting factors in ex-preterms 
and that normal compensatory mechanisms such as increase in VT and breathing 
frequency augmented tota l venti lation.  Analyses of results of participants with 
and without BPD did not show sign ificant differences. Therefore, BPD seems not 
to account for the found differences. Unexpectedly, the preterms showed a lower 
anaerobic threshold, which points to early lactate production. Anaerobic threshold 
normally occurs at 50 to 60% of predicted V02max and may rise with train ing.  
The anaerobic threshold of the ex-preterms occurred at a normal but significantly 
lower level than that of the control subjects. 
Although their heart rate was less close to the predicted maximum than that of the 
control subjects, the respiratory exchange ratio was equal between the groups. 
Furthermore, no signs of poor effort were found in  the ex-preterms. Together, 
our results suggest that ex-preterms have signs of muscular deconditioning. 
Interestingly, ex-preterms reported fewer hours of exercise per week than the 
control subjects, which might explain their lower level of physical fitness. 
In preterm women, the maximal \:102 was lower than in hea lthy peers. A subana lysis 
on the l imiting factors of exercise capacity did not show a significant d ifference 
between women who were born prematurely and female control subjects (data 
not shown) . However, the numbers for comparisons between the sexes are small 
and findings must be interpreted with caution. Previous studies have shown that 
peak V02 is strongly related to activity pattern . 38 The lower peak V02 in  women 
again could be an indicator for reduced physical fitness. Further investigations are 
needed to determine whether these young adu lts engage in  less physical activity 
because of physiologic (and/or psychologic) l imitations and whether exercise 
capacity can be improved with the introduction of a train ing program. 
Muscu lar efficiency in this study was determined by the net muscu lar efficiency : .6. 
V0/.6.W ratio.  Th is ratio takes the metabolism at rest of a person into account. The 
preterm women tended to have a lower oxygen uptake-work relationship, which 
could point to a less coordinated way of bicycl ing, or to a less efficient release of 
energy in the muscle. A reduced ratio of increase in V02 to increase in work rate 
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(�VO/�WR) is a lso reported in cardiovascular disease, in some patients with 
mitochondrial myopathy, and in patients with cystic fibrosis.39 However, a low � 
i'O/�WR may be useful in identifying an abnormal relationship but is relatively 
nonspecific in establishing etiology ( i .e . ,  02 del ivery vs. 01 util ization dysfunction) .  
A remarkable result i s  the higher f102 at rest in ex-preterms, which might reflect 
a higher metabolism at rest. Because the breath ing frequency at rest is higher 
in ex-preterms, we speculate that they have a h igher metabolism at rest due to 
greater work of breath ing.  Further research is needed to verify this with indirect 
calorimetric measurement of resting energy expenditure. Other explanations could 
be excitement, fear, or nonfitting reference va lues for this age group. In future 
research it would be interesting to measure the compliance of the lungs. 
Apart from cardiorespiratoryfactors, three physiologic derangements may contribute 
significantly to exercise intolerance : obesity, anemia, and carboxyhemoglobinemia 
secondary to cigarette smoking. Compared with control subjects, the weight of 
the ex-preterms was sign ificantly lower. They did not differ from their peers by 
Hb content. However, a higher percentage of the ex-preterms smoked cigarettes. 
Linear regression ana lysis showed that the differences in exercise capacity 
remained after correction for smoking habits . 
If we had not included a control group in our study, we would have reached 
different conclusions about the lung function of the preterm group (namely, that 
almost al l  participants had lung function va lues within the normal range). This 
highl ights the importance of control groups when recent reference data are not 
avai lable. 
CONCLUSIONS 
Although mean lung function parameters were with in the normal range, ex­
preterms tended to have more bronchial obstruction and lower d iffusion capacity 
than control subjects. Subtle but possibly important lung function abnormalities 
after preterm birth may persist into young adu lthood . This may have impact at 
later phases of life, since it has been shown that young adu lts with submaximal 
lung function wi l l  reach the danger zone of impaired lung function in elderly 
age more qu ickly. This might even be more pronounced in smokers. V02 per 
kilogram at rest is h igher in  preterm than in hea lthy participants, which might be 
an indication of a higher metabolism at rest. More research is needed to verify the 
rest metabolism. 
Exercise capacity in prematurely born adu lts is lower than in  hea lthy peers. This 
may be explained by impaired physical fitness. Diminished exercise capacity 
seemed not to be due to impaired lung function (values were corrected for FEV1) 
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or l imited venti lation.  No studies, so far, have determined the efficacy of training. 
Encouragement of al l  chi ldren born prematurely to participate in  sports at an early 
age could probably improve the exercise performance of this group. 
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Table El. characteristics participants orig inal cohort vs participants lung function study 
Original cohort Lung function 
N= 1338 study 
N =44* 
Male 52% 50% 
Birth weight (gram) 1250 ± 318 1246 ± 232 
(420-2780) (720-1750) 
Gestational age (weeks) 30 ± 3 30 ± 2 
(23·41) (26-36) 
Duration of ventilator 4.7 ± 9 6 .3  ± 12 
treatment (days) (0-117)  (0-51)  
BPD 8%:1= 21%§ 
Smoking during 29% 21% 
pregnancy 
Mental retardation 16% 13% 
Handicap 19% 8% 
Special education age 14 20% 23% 
Parametrical variables are expressed as mean ± SD (range) 
BPD = Bronchopulmonary dysplasia 
* 35% fema le/ 65% male 
* 42 participants completed the tests 










The significance of differences among the two study groups was tested using unpaired t-test 
or ChF-test. If numbers were too small to use Chi2test, we made use of Fisher's exact test. 
Table E2. characteristics responders vs non responders of lung function study 
Responders Non-responders 
N =44* N =55 
Male 50% 59% 
Birth weight (gram) 1246 ± 232 1311 ±273 
(720-1750) (730-1950) 
Gestational age (weeks) 30 ± 2 3 1  ± 2 
(26-36) (27-37) 
Duration of ventilator 6 .3  ± 12 4.2 ± 8 
treatment (days) (0-51) (0-39) 
BPD 21% 10% 
Smoking during 21% 31% 
pregnancy 
Mental retardation 13% 15% 
Handicap 8% 10% 
Special education age 14 23% 30% 
Parametrical variables are expressed as mean ± SD (range) 










The significance of d ifferences among the two study groups was tested using unpaired t-test 
or Chi2-test. If numbers were too sma l l  to use Chi2test, we made use of Fisher's exact test. 
122 
Lung Function and Exercise Capacity 
Table El. Male patients with BPD of original cohort vs lung function study 
Original cohort Lung function 
study 
Males BPD Males BPD 
N =72 N = B  
Birth weight (gram) 1213 ± 303 1 174 ± 105 
(680-1910) (980-1330) 
Gestational age (weeks) 28 ± 2 28 ± 2 
(26-33) (26-32) 
Duration of ventilator 2 1 . 6  ± 16 20.7 ± 18 
treatment (days) (0-80) (5-5 1 )  
BPD 1 00% 100% 
Smoking during pregnancy 24% 0% 
Mental retardation 32% 25% 
Handicap 26% 14% 
Special education age 14 39% 38% 
Parametrical variables are expressed as mean ± SD ( range) 
BPD= Bronchopulmonary dysplasia 
p 
0.723 
0 . 577 
0 .862 
0 .072 
1 . 000 
0 .400 
0 .900 
Only one participant with BPD was female in  the lung function study. We therefore compared 
the males with BPD in the original cohort with males in the lung function study. 
The significance of differences among the two study groups was tested using unpaired t-test 
or Chi2-test. If numbers were too small to use Chi2test, we made use of Fisher's exact test. 
Table E4. Male patients with and without BPD in lung function study 
Males BPD Males without 
N = B  BPD n = 1 2  
Male 100% 100% 
Birth weight (gram) 1 174 ± 105 1 196 ±233 
(980-1330) (720- 1510)  
Gestational age (weeks) 28 ± 2 3 1  ± 2 
(26-32) (28-36) 
Duration of ventilator 20 .7 ± 18 1 .6  ± 2 .8  
treatment (days) (5-51)  (0-9) 
BPD 100% 0% 
Smoking during pregnancy 0% 42% 
Mental retardation 25% 17% 
Handicap 14% 17% 
Special education age 14 38% 17% 
Parametrical variables are expressed as mean ± SD ( range) 









Only one participant with BPD was female. We therefore compared the males with BPD with 
ex-preterm males without BPD. 
The significance of differences among the two study groups was tested using unpaired t-test 
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8.1.1 Reference values of Forced Oscillation Technique 
In 2003, the European Respiratory Society Task Force Report on Respiratory 
Impedance Measurements described the basic principle of the Forced Osci l lation 
Technique (FOT) and presented guidel ines for the appl ication and interpretation 
of FOT as a routine lung function test in the clin ical setting, for both adult and 
pediatric populations. 1 Obtaining useful data on pulmonary mechanics requ ire 
measurement of a irflow and airway pressure. In FOT, pressure osci l lations 
produced by a loudspeaker are superimposed on the patient during spontaneous 
quiet breath ing and recorded as pressure and flow signals at the mouth . The 
resistance and reactance of the respiratory system can be calcu lated from the 
relationship between mouth pressure and flow. 
In chapter 2, reference va lues are described for children between 3-6 and 6-12 
years with a frequency spectrum of 4-48 Hz. This frequency spectrum is wider 
than before : most devices had a medium range frequency spectrum of 4-24 or 
4-30 Hz. The main advantage of this wider spectrum is that resonance frequency 
can be measured in children of al l  ages. Resonance frequency yielded important 
information in our studies as it proved to be a sensitive FOT parameter. FOT wil l  
benefit in  particular the chi ldren younger than 6 years of age as older chi ldren are 
l ikely to be able to perform spirometry actively. We estimated separate reference 
equations for chi ldren < 6 years and � 6 years. The frequency dependence R,..6_24 
of the young ch i ldren was one of the main reasons to make regression equations 
specific for the younger age group : regression equations based on a large 
percentage of older children flattens the R,.. -frequency-curve . Basel ine predictions 
are expressed as a function of age and height. The study showed that FOT cou ld 
be routinely used in young chi ldren .  However, one of the challenges to take up in 
future is to modify and expand the FOT for "routine" use in infants and neonates. 
Desager et a l  a lready made adaptations, including a flexible tube to connect the 
infant to the measuring system and a bias flow to avoid re-breath ing . 2  Infants had 
to be asleep or sedated before measurements were possible. The same appl ies 
for the low frequency forced osci l lation technique (LFOT) adapted for infants by 
Sly et al, although this group recently successfu lly applied LFOT in an unsedated 
neonata l population .3•4 The results of these two research groups indicated that the 
infant-adapted forced pseudo-random noise osci l lation technique has the potential 
to give va luable information about lung function in infants. However FOT is not 
easy to perform in all neonates and infants. Novel appl ications of FOT in the 
clin ical setting should include improvement of the adaptations made for infants 
and monitoring of respiratory mechanics during mechanical ventilation.  
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FOT data, especial ly those measured at the lower frequencies, are sensitive 
for assessing airway obstruction, but do not discriminate between obstructive 
and restrictive lung d isorders. Frequency dependency Rrs6_24 is seen in hea lthy 
young ch i ldren and in ch i ldren with respiratory symptoms. Some authors regard 
frequency dependency Rrs6_24 to be a marker of compromised small a irway patency. 5 
Constriction of the bronchioles and smaller a irways "unmasks" the compliance of 
the more proximal a irways and provokes central a irway shunting of flow. The 
result is a negative frequency dependence of Rrs and a decrease in  respiratory 
reactance.6 Others consider the decrease in frequency dependence of Rrs with 
height an ind ication that intra-thoracic airway resistance decreases more with 
growth than does the upper airway wall impedance.7 Resonance frequency is 
increased in  ch i ldren with respiratory symptoms. Va lues of respiratory resistance 
have proved to be sensitive for bronchodi latation (due to 132-agonists) in chi ldren, 
a lthough the reported cut-off levels (between 12% and 19%) remain to be 
confirmed in  future stud ies.8•9 
FOT has been shown to be as sensitive as spirometry in detecting impairments 
of lung function due to smoking or exposure to occupational hazards. 1 Also, 
childhood exposure to environmenta l tobacco smoke {ETS) seems to be 
associated with poorer lung function. Spirometric lung function indices are lower 
in chi ldren exposed to ETS than in  non-exposed ch i ldren .  In our studies, the 
effects of passive smoking were measured by an increase in resonance frequency, 
a decrease in mean reactance, increased frequency dependance and by increased 
respiratory resistance measured by interrupter technique (Rint) . In asymptomatic 
adult smokers, frequency dependence of Rrs6_24 is observed . We did not observe 
increased resistance-parameters of FOT measurement. The difference between 
the measurements of these two resistance parameters is that Rint comprises 
a l l  Newtonian ( i .e. , l i near) resistance of the respiratory system,  including the 
pulmonary tissues and chest wal l  whi le FOT "divides" these parameters. The 
"overa l l"  measurement of FOT "impedance" (Z), is the relationship between 
pressure (P) and air flow (f') .  Z can be conceived as a generalization of resistance, 
since it incorporates both the in-phase and out-of-phase relationships between 
P and V. The in-phase component resistance (Rrs) describes the dissipative 
mechanical properties of the respiratory system . The out-of-phase relationsh ip 
reactance (Xrs) is determined jointly by the elastic properties (the relationship 
between P and volume) dominant at low osci l lation frequencies and the inertive 
properties (the relationsh ip between P and volume acceleration), which become 
progressively more important with increasing frequency. The results of our studies 
strengthen the finding that ETS exposure in childhood has a negative influence on 
the respiratory system . 
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8.1.2. Reference va lues of Interrupter technique ( Rint) and the effect of 
passive smoking 
The interrupter technique involves rapid occlusions of the airway opening (by 
valve or shutter) and estimation of respiratory system resistance (Rrs) from the 
change in pressure at the a irway opening that fol lows the occlusion . There are two 
main underlying assumptions: that the airway opening pressure post occlusion 
(P00) approximates alveolar pressure (P.1.) due to rapid equi l ibration between the 
two compartments; and that there is a single value of Palv' The main strengths of 
the interrupter technique include its simpl icity, portabil ity, relatively inexpensive 
equipment, and noninvasive nature of the measurement. 10 In the study described 
in chapter 3, we used the M icroRint (Micro Medical  Ltd .,Rochester, UK), a portable 
device that measures a irway resistance by measuring pressure and flow at the 
mouth using a pneumotachograph.  Interruption of a irflow was triggered at peak 
tidal expiratory flow. Reference va lues for the interruption technique were col lected 
by several groups. 11 •12 In these studies, airway resistance in hea lthy chi ldren was 
related to height, age, weight, or bronchoconstriction . However, in our study, 
when adjusted for these factors, smoking three or more cigarettes a day by one 
or both of the parents in the presence of their child was shown to be significantly 
associated with higher airway resistance measured by the interrupter technique 
in school ch i ldren as well as in preschool chi ldren .  Having one or two parents 
who smoke three or more cigarettes a day increased Rint by 0 .04 kPa/1/sec (CI, 
0 .01-0 .07), a relative increase of 7% of the mean.  The interrupter technique has 
been used regularly in preschool chi ldren, but has only been used intermittently 
in infants. Standard ization of the technique for infants is needed to establish 
measurements that could be compared with regard to measurement conditions 
and technica l acceptabil ity. 
8.2 Respiratory symptoms in Prematurely born children with a nd without 
BPD 
8.2.1. Preschool children 
Three to five year-old prematurely born ch i ldren with and without BPD reported 
high percentages of respiratory symptoms. Obstructive lung disease in ch i ldren 
with BPD may have various causes such as bronchial smooth muscle constriction, 
inflammation, oedema, anatomica l ly smal l  airways, stenosis or malacia . Although 
there is no evidence to support the common practice of treating BPD with 132-
agonists and inha led corticosteroids, most symptomatic patients use medication .  
Early studies suggested a positive effect of  bronchodilator treatment on  lung 
function in preterm infants with lung d isease, and therefore bronchodi lators 
are frequently used in very preterm infants with symptoms of obstructive lung 
disease, after discharge from hospita l . 13•14 However, studies in venti lated infants 
found a much more variable response, as reflected in the clin ical observation 
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that admin istration of a bronchodilating agent may cause deterioration of the 
infant's condition.  The two main pitfal ls in the use of bronchodi lators are B-agonist 
induced vasodi latation leading to hypoxemia and B-agonist induced augmentation 
of airway instabil ity in the infant with both BPD and tracheomalacia . 15 These 
observations make clear that no general recommendation can be made. If chronic 
cough or wheezing persists despite bronchodilators, anti- inflammatory therapy 
with inha led cortiosteroids -for want of someth ing better- wil l  be considered in  
most cases, but future research is  needed to objectify the long-term effects of 
medication. Aside from the question whether the risk is worth the benefit on the 
long term, we need to know who should be treated, when we should start with 
what device and how long treatment should be provided . 
8.2.2 Young adults 
The study described in chapter 6 demonstrated that more than a third of young 
adults born preterm suffer from respiratory symptoms (h igher prevalence of 
asthma, wheeze and shortness of breath) and need more medica l  care than their 
peers. Not only pediatricians, but also family doctors and chest physicians should 
be aware of this 'new' group of patients in  whom respiratory symptoms wil l  never 
disappear. Especial ly prematurely born women -with or without BPD- (compared 
to female controls) reported a higher preva lence of doctor-diagnosed asthma, 
wheeze and shortness of breath during exercise. In the 'general '  population 
both i ncidence and prevalence of wheeze and asthma is h igher in  males than in 
females until the age of 16 years. In adu lthood, asthma occurs more frequently 
among women . 16•17 The observed variation between males and females in the 
general population has partly been explained by dys-synnaptic lung growth : the 
independent growth of the a irways in comparison with the lung parenchyma 
and air spaces. In g irls, growth of the a irways is proportional to growth of lung 
parenchyma, whereas i n  boys growth of the airways lags behind that of lung 
parenchyma, causing a discrepancy between airway and lung size. 18 Different 
puberta l patterns of thoracic growth between the sexes results in an approximately 
25% higher lung function in males than in females of identical height at the end 
of puberty. We speculate that a similar process takes place in the population 
born preterm, although the underlying mechanism is not understood. Another 
explanation might be that large individual differences exist in  physical symptom 
reporting. Women may require a greater amount of cognitive analysis (and thus 
more attention) to make judgements about physical symptoms compared to 
men19• The BPD males reported significant less hay fever and eczema than the 
male controls. Women seem to be more vulnerable on their way to adu lthood and 
report more respiratory symptoms than controls. On the other hand, our findings 
are encouraging because many young adu lts born preterm survive with no or 
only minor respiratory problems and, compared to the general population, atopic 
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diseases such as hay fever and eczema were reported less often. 
8.3 Lung function in prematurely born children with and without BPD 
8.3.1 Pre-school 
Preterm delivery, even in the absence of any neonata l respiratory disease or 
venti latory support, may have an adverse effect on subsequent lung growth and 
development, which persists and may even worsen throughout the first years of 
l ife20•21 • One of the aims of the study described in  chapter 5 was to investigate 
the lung function (by forced osci l lation technique and interruption technique) of 
preschool-aged prematurely born ch i ldren with and without BPD. Lung function 
data were compared with reference data (provided by age-matched fu l l term 
hea lthy controls) . 
Chi ldren with BPD could be distinguished from ch i ldren without BPD on the 
basis of the FOT measurements. Increased resonant frequency and decreased 
reactance measured by FOT in BPD may reflect impaired elastic and mass inertial 
properties. The negative frequency-dependence may reflect diminished peripheral 
airway patency and mechanical inhomogenity of the lungs. This emphasizes the 
complex structure-function relationships in the developing lung, including the 
fact that expiratory flows are related not only to airway dimensions, but also to 
the compliance of the a irway wall and of the surrounding parenchyma and chest 
wal l .  
Lung function techniques such as  FOT may on the one hand facil itate the fol low 
up of preterm infants (e .g .  the effects of growth), independent of the presence 
of sign ificant lung disease in the perinatal period and, on the other hand, may 
objectify the effects of medication during the first years. To make this possible, 
appl ications in the clinical  setting should be adapted for neonates (perhaps even 
during mechanical  venti lation) and infants. However, what are the advantages of 
fol lowing lung function tests in infants with BPD other than objectifying effects 
of medication :  can we make a difference? Future research efforts need to focus 
not only on the identification of those ind ices most suited to the longitudinal 
monitoring of neonates and infants with BPD, but also on the clinical relevance. 
8.3.2 Young ad ults 
The aim of the study described in  chapter 7 was to investigate the long-term 
effects of prematurity on lung function and exercise capacity. Although mean lung 
function parameters were with in the normal range, ex-preterms tended to have 
more bronchial obstruction and lower diffusion capacity than controls. Subtle but 
possibly important lung function abnormalities after preterm birth persisted into 
young adu lthood . This may have impact at later phases of l ife, since it has been 
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shown that young adults with sub-maximal lung function are at risk to reach the 
danger zone of impaired lung function at an earlier age. This might even be more 
pronounced in smokers. 30% of the ex-preterms in our study smoked . Although 
it is important to recognize that many smokers experience positive feel ings from 
smoking, smoking cessation should be encouraged . Future research is needed to 
observe the natural  history of lung function in adu lts with classic and/ or new BPD 
in order to answer the question of how smoking interacts with BPD to affect adult 
lung function.  
Exercise capacity in preterm born adults is lower than in  healthy peers. This may 
be explained by impaired physical fitness. Diminished exercise capacity seemed 
not to be due to impaired lung function (values were corrected for FEV1) or 
l imited venti lation.  No studies, so far, have determined the effect of train ing. 
Encouragement of a l l  chi ldren born prematurely to participate in  sports at an early 
age could probably improve the exercise performance of this group. 
l'O/kg at rest is higher in  preterm than in  hea lthy participants, which might be 
an ind ication of a higher metabolism at rest. Trained or untrained individuals, 
whether old or young, male or female, all have similar work efficiencies. This 
similarity reflects the basic biochemical energy-yielding reactions needed for 
muscle contraction.  However, the ( 02 of the un loaded ergometer can vary 
considerably from one subject to another because of differences in size and actual 
work rate of the un loaded cycle .  The gold standard for determining individual 
energy needs in patients is resting energy expenditure (REE) measured by indirect 
ca lorimetry. Predictive methods commonly used to estimate energy expenditure 
in ch i ldren are rather imprecise and may lead to overprovision or underprovision 
of nutrition support, a lthough a recent study in school-age ch i ldren concluded that 
differences in prediction equations are minimal compared to calorimetry.22 REE 
in young BPD patients might be increased due to repetitive lung infections, lung 
inflammation, and increased respiratory effort due to decreased lung volume. 
REE represents 65-70% of dai ly energy expenditure .  Severa l studies measured 
BPD infants' total dai ly energy expenditure, nutritional balance, and growth in  
relation to their past and current clin ical status. Tota l energy expenditure in BPD 
infants was elevated and strongly associated with their respiratory status. 23•24 Total 
energy expenditure however can remain normal due to reduced physical activity. 
In later life, infections (and inflammation?) are seen less frequently. REE might 
be i ncreased due to damage and decreased diffusion capacity (classic BPD) or 
due to damage and reduced alveolar volume (new BPD) .  A smal l  study described 
the outcome of school-age children with BPD in terms of nutrition, pulmonary 
function, intel l igence, and REE and compared the results with a preterm cohort 
matched for gestational age and birth weight, and with a term control group. 25 
133 
Chapter 8 
The groups did not differ in REE. Future research is needed to verify the rest­
metabolism (resting energy expenditure) compared to controls. To answer the 
question whether there is a correlation between lung disease in BPD and resting 
energy expenditure, future research could correlate measurements with indirect 
ca lorimetry, HRCT score and lung function parameters. Pulmonary high-resolution 
computed tomography (HRCT) has been considered as the most promising imaging 
technique to assess pulmonary arch itectural abnormalities in  patients with BPD.26 
Chest radiographs often show relatively minor abnormalities in ch i ldren and young 
adu lts affected by BPD despite sign ificant venti latory dysfunction. HRCT (being 
more sensitive than the chest rad iograph) shows areas of hyper-radiancy, which 
consist of areas of low attenuation due to a reduction per unit area of pulmonary 
vasculature. Areas of hyperinflation tend to be multi-focal and often asymmetrical 
throughout the lungs. 26 
8.4 Summary of main findings 
• Reference va lues for Forced Oscil lation Technique for ch i ldren between 3-6 
and 6-12 years. 
• FOT has been shown to be sensitive in detecting impairments of lung function 
due to respiratory symptoms and passive smoking . 
• Having one or two parents who smoke three or more cigarettes a day increased 
Rint by 0 .04 kPa/1/sec (CI, 0 .01-0.07), a relative increase of 7% above the 
mean .  
• 3-5 year-old prematurely born ch i ldren with and without BPD reported high 
percentages of respiratory symptoms 
• Although there is no evidence to support the common practice to treat BPD 
with [32-agonists and inha led corticosteroids, most symptomatic patients use 
medication. 
• Children with BPD could be distinguished from prematurely born chi ldren 
without BPD on the basis of the FOT measurements : we found increased 
resonant frequency and decreased mean reactance in children with BPD. 
• Prematurely born chi ldren with and without BPD had increased resistance and 
frequency dependency compared to hea lthy controls. 
• A third of young adu lts born preterm suffer from respiratory symptoms 
(h igher prevalence of asthma, wheeze and shortness of breath) and need 
more medica l care than their peers. 
• Ex-preterms tended to have more bronchial obstruction and lower d iffusion 
capacity than controls, a lthough mean lung function parameters of young 
adu lts born prematurely were within the normal range. 
• Exercise capacity in preterm born adu lts is lower than in healthy peers. This 
may be explained by impaired physical fitness. Diminished exercise capacity 
seemed not to be due to impaired lung function (values were corrected for 
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FEV1) or l imited venti lation.  
8.5 Future directions 
Considering the previous paragraphs there are a number of studies that are of 
great interest as a fol low up of the studies presented in this thesis. 
• How could appl ications of forced osci l lation technique in the clin ical setting 
be modified to facilitate monitoring of lung function (even during mechanica l  
venti lation) in  (unsedated?) infants and neonates? 
• What are the advantages of fol lowing lung function tests in infants with BPD : 
can we make a difference? 
• What are the long-term effects of medication? Is the risk worth the benefit on 
the long term? Who should be treated? When should we start with what device 
and how long should treatment be provided? 
• What is the natural history of lung function in adu lts with classic and/ or new 
BPD? What is the difference between the two forms of BPD on (adu lt) lung 
function parameters? Does smoking interact with BPD to affect adult lung 
function or is it related to more rapid decl ine of lung function? 
• Why do prematurely born women report more respiratory symptoms than 
controls? Are women more vulnerable on the way to adulthood or do they 
report physical symptoms better than men do? 
• Do ex-preterms have a lower level of physical activities? Do parents of ex­
preterms have a different attitude towards physical fitness compared to 
parents of term ch i ldren? Does train ing improve exercise performance in ex­
preterms? 
In summary, the studies presented in this thesis have provided us with information 
on the fol low up of prematurely born patients with and without BPD. Preterm 
birth and BPD are l ikely to remain a l ifelong condition : a third of the patients 
report symptoms as adu lts, a lthough it is unknown whether severity decreases 
or increases with further aging. These patients might develop a "new" type of 
chronic obstructive pulmonary disease. So far several good randomized clinical 
trials have investigated the effects of various treatments in the neonatal phase on 
the development of BPD. However, less information from control led clin ical trials 
on treatment possibilities of BPD throughout childhood and adu lthood is ava ilable. 
Many of the studies proposed here would require large, multi-center designs with 
many participating patients. A national task force could be of great importance to 
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Te vroeg geboren kinderen (prematuren) kunnen in de loop van hun Ieven een 
aanta l problemen tegenkomen die terug te voeren zijn op de eerste fase van 
hun Ieven. Dit proefschrift bevat studies die de invloed van vroeggeboorte op 
de gezondheid van de Iangen en de luchtwegen beschrijven. H ierbij wordt een 
onderscheid gemaakt tussen kinderen die wei of niet de chronische longziekte 
bronchopulmonale dysplasie (BPD) ontwikkelden .  
Op  het moment dat kinderen geboren worden zijn de Iangen nog n iet volgroeid. De 
ontwikkeling van de longen is dan wei zo ver ontwikkeld dat kinderen in  normale 
omstandigheden zelfstandig kunnen ademen en voldoende zuurstof kunnen 
opnemen om het l ichaam te Iaten functioneren. Bij te vroeg geboren kinderen kan 
echter een probleem ontstaan. De longen zijn nog "onrijp" en moeten ondersteund 
worden om het l ichaam voldoende zuurstof te kunnen geven. 
In de inleiding van d it proefschrift wordt kort stil gestaan bij de normale 
ontwikkel ing van de longen . Hoewel dit natuurlijk  een continu proces is, worden 
vaak 5 fasen beschreven. In de eerste fase ontstaan de toekomstige luchtpijp 
en twee zogenaamde ' longknoppen'. Vervolgens ontwikkelen zich de luchtwegen 
en het weefsel waaruit later longblaasjes zullen ontstaan. Tijdens de volgende 
fasen wordt het systeem steeds verftjnder en worden de eerste grove longblaasjes 
aangelegd . Deze longblaasjes zijn relatief groot en hebben een dikke wand waarin 
zich ook de bloedvaten aan het vormen zijn.  Uiteindelijk ontstaan de definitieve 
dunwandige longblaasjes met fijne bloedvaatjes. 
Tijdens de zwangerschap krijgt het ongeboren kind aile voedingsstoffen via de 
navelstreng van de moeder. De longen zijn op dat moment gevuld met vruchtwater. 
Tijdens de geboorte wordt het vruchtwater voor een deel u it de longen geperst 
en voor een ander deel door het bloed opgenomen.  Door adem te halen krijgt 
het kind Iucht in de Iangen . Wanneer het kind u itademt zouden de longblaasjes 
samenval len wanneer er geen oppervlaktespanning verlagende vloeistof ofwel 
surfactant bestond. Surfactant is een stof die in de Iangen wordt geproduceerd 
en die er voor zorgt dat de longblaasjes open bl ijven staan. Rondom de 2S•te 
week produceren de cellen voldoende surfactant om het kind in eerste instantie 
zelfstandig te Iaten ademen . 
Bij kinderen die te vroeg geboren worden ontstaat in de luchtwegen dus een 
aanta l problemen. In de eerste plaats is het proces van aanleg van de longblaasjes 
nog in voile gang en de al  aanwezige exemplaren zijn nog relatief grof en ook 
qua bloedvoorziening niet compleet aangelegd . Daarnaast zijn ook de surfactant 
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producerende cellen nag niet in staat de benodigde hoeveelheid surfactant te 
produceren.  Om deze problemen aan te pakken wordt sinds de vijftiger jaren 
kunstmatige beademing toegepast. Om het gebrek aan surfactant te compenseren 
werden de patienten aanvankel ijk met hoge druk/ veel volume en een hoge 
concentratie zuurstof behandeld.  H ierbij ontstond soms schade aan de Iangen 
en ontwikkelden sommige kinderen een ziektebeeld dat "Bronchopulmonale 
dysplasie" (BPD) wordt genoemd.  
Oorspronkel ijk sprak men van BPD wanneer er sprake was van 
zuurstofafhankel ijkheid op de leeftijd van 28 dagen na de geboorte. Nu wordt vaker 
gekozen voor een andere defin itie, die een betere indicatie geeft van de prognose 
van longafwijkingen op latere leeftijd .  Volgens deze definitie is sprake van BPD 
wanneer een pasgeborene op de leeftijd van 36 weken na de laatste menstruatie 
van de moeder nag zuurstofafhankel ijk is, in combinatie met specifieke afwijkingen 
op de thoraxfoto ( rontgenfoto van hart en Iangen). De incidentie van BPD wordt 
geschat op 15 a 20% van a i le te vroeg geborenen jonger dan 30 weken. Elk jaar 
treft d it ziektebeeld in  Nederland enkele honderden patienten, waarvan een klein 
percentage overlijdt, maar waarvan de meesten met versch ijnselen van chronisch 
longlijden overleven.  
De afgelopen jaren zijn grate vorderingen gemaakt :  de beademingsapparatuur  
is  verbeterd, u it onderzoek bleek dat het toedienen van ontstekingsremmende 
medicijnen (corticostero'iden) aan de moeder kort voor de geboorte de longrijping 
van het kind versnelt en in  de jaren negentig kwam surfactant als geneesmiddel 
op de markt. H ierdoor werd het mogelijk steeds jongere kinderen ( dat wil zeggen :  
geboren na een kortere zwangerschap) te  behandelen. Kinderen behandeld met 
surfactant bleken minder beademing en zuurstof nodig te hebben dan kinderen die 
niet behandeld werden met surfactant. Het "klassieke" BPD-beeld, ontstaan door 
beschadiging en l ittekenweefsel ,  kwam steeds minder voor, maar een "nieuw" 
BPD-beeld kwam hiervoor in  de plaats . Doordat steeds jongere kinderen kunnen 
overleven, zien we meer pasgeborenen met "onrijpere" Iangen zowel wat betreft 
de longblaasjes als wat betreft de aanleg van de bloedvaten.  In de loop van de 
jaren is gebleken dat die achterstand in  de ontwikkeling bij de geboorte n iet 
volledig kan herstel len : de kinderen houden een geringer aantal en wat grovere 
longblaasjes. 
De in dit proefschrift beschreven studies gaan over luchtweg- en longproblemen 
bij kinderen en volwassen die te vroeg geboren zijn .  Er zijn versch il lende 
mogelijkheden om naar deze problematiek te kijken .  Bij mijn onderzoek zijn 
vragenl ijsten en verschi l lende longfunctietechnieken gebru ikt. Jonge kinderen 
zijn minder cooperatief dan volwassen, hetgeen maakt dat de meest gebruikte 
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longfunctietechniek voor volwassenen (spirometrie) niet toepasbaar is bij jonge 
kinderen.  In de hoofdstukken 2 en 3 wordt ingegaan op methodologische 
aspecten van twee specifieke longfunctietechnieken die geschikt zijn voor jonge 
kinderen : de geforceerde osci l latietechniek (FOT) en de interruptietechniek 
(Rint) . 
Zowel FOT als Rint zijn relatief gemakkelijk te meten bij een spontaan ademend 
kind en bepalen de weerstand in het ademhalingsstelsel . De voor dit proefschrift 
gebru ikte FOT maakt gebruik van een lu idspreker, die geluidsgolven van 4-48 
Herz (Hz) u itzendt. Deze geluidsgolven worden boven op de spontane, rustige 
ademhaling gelegd ("gesuperponeerd") die meestal een frequentie van minder 
dan 4Hz heeft. Aan de mond worden versch i l len in  stroomsnelheid en druk 
gemeten waardoor bepa ling van de weerstand mogelijk is. De gelu idsgolven die 
zich in de luchtwegen voortbewegen en weer teruggekaatst worden geven echter 
nog meer informatie. Door dig ita le filtering kunnen ook versch il len in fase van 
de geluidsgolven bepaald worden die informatie geven over de elasticiteit van 
de luchtwegen en de "traagheid" van het long-luchtweg systeem i nclusief de 
thoraxwand.  Elastische krachten geven een achterlopende fase, traagheidskrachten 
geven juist een voorlopende fase. Bij lage frequenties overheerst de elasticiteit, bij 
hogere frequenties de traagheid . De som van de elastische en traagheidskrachten 
wordt aangeduid als "reactantie". 
Het punt waar de twee krachten elkaar opheffen en de fase dus nul  is, wordt de 
resonantiefrequentie genoemd. 
In de afgelopen jaren is de FOT verfijnd . De apparatuur was voorheen a i leen in 
staat over een beperkte frequentiereeks te meten (4-26Hz) en deed daar onge­
veer 16 seconden over. Het nieuwste model meet sneller (8 seconden) over een 
breder spectrum ( 4-48 Hz) . Dit maakt het - in tegenstel l ing tot eerder - mogel ijk 
de resonantiefrequentie te meten bij kinderen van ai le leeftijden . In hoofdstuk 2 
wordt de studie beschreven die werd u itgevoerd om de referentiewaarden te be­
palen voor de nieuwste apparatuur. Bij leerl ingen op basisscholen en peuterspeel ­
zalen in Eelde, Annen, Leeuwarden en Gron ingen werd de longfunctie bepaald .  
Bij het bepalen van referentiewaarden gelden strenge voorschriften over wat "ge­
zond" is. Kinderen die klachten hebben of te vroeg geboren zijn,  werden (u iter­
aard) in ons onderzoek niet als gezond gedefinieerd, maar ook kinderen zonder 
klachten waarvan de ouders astma hebben of bijvoorbeeld roken, werden niet tot 
de 'gezonde' groep gerekend. Aangezien we geen van de kinderen op voorhand 
wilden u itsluiten om mee te doen en we pas op het moment van het onderzoek 
wisten wie tot de "referentiegroep" ging behoren, hadden we ook gegevens over 
de "u itgesloten" kinderen, hetgeen aanleiding was om te kijken of factoren als 
passief roken daadwerkelijk invloed op de longfunctie hebben.  Dit bleek inderdaad 
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het geval te zijn .  De kinderen met luchtwegklachten, maar 66k de kinderen met 
rokende ouders die zelf geen klachten hadden, hadden ten opzichte van de "refe­
rentiegroep" afwijkende u itslagen. 
In hoofdstuk 3 wordt een studie beschreven met de MicroRint®, een klein 
handig apparaat dat werkt volgens de "interruptie-methode". De basis van de 
techniek is dat de weerstand van het ademhalingsstelsel bepaald wordt door 
de luchtstroom kortdurend af te sluiten . De patient ademt in  het apparaat en 
tijdens de u itademing wordt plotseling en kortdurend een klep gesloten .  Hierdoor 
ontstaat kortdurend een evenwicht tussen de druk in de longblaasjes en de druk in  
de mond. Als de flow (stroomsnelheid van de Iucht) vlak voor de afslu iting bekend 
is, kan de weerstand (R,nt) berekend worden :  R,nt=druk/flow. Ook metingen met 
deze longfunctietechniek l ieten zien dat passief roken een negatief effect op de 
luchtwegen heeft waardoor de weerstand in de luchtwegen toeneemt. 
De meest recente inzichten en concepten ten aanzien van BPD worden besproken 
in hoofdstuk 4. De pathologie en pathogenese worden aan de hand van onder 
andere d iermodellen uiteengezet. Daarnaast worden preventieve strategieen, 
risicofactoren ,  behandelopties en complicaties op een rij gezet. 
De luchtwegproblematiek bij 3 tot 5 jarigen die te vroeg geboren zijn wordt 
beschreven in hoofdstuk 5. Prematuur geboren kinderen met BPD zijn daarbij 
vergeleken met prematuren zonder BPD. Eerdere studies Iaten wisselende 
resultaten zien .  Met name gedurende de eerste twee jaren worden bij kinderen 
met Bronchopulmonale Dysplasie, (BPD) maar ook bij prematuur geborenen 
zonder BPD meer klachten en ziekenhuisopnames gerapporteerd dan bij gezonde 
peuters. Daarna (op de schoolgaande leeftijd) gaan de resultaten u iteen lopen en 
vinden sommige auteurs bijvoorbeeld in  longfunctieonderzoeken geen versch i l len 
meer, terwijl andere auteurs nog steeds (milde) obstructieve klachten en 
inspanningsgerelateerde beperkingen beschrijven . 
Opval lend was dat in beide onderzochte groepen veel luchtwegproblemen werden 
gerapporteerd, maar dat de kinderen met BPD niet meer klachten meldden dan 
de kinderen zonder BPD. Kinderen met symptomen zoals hoesten, piepen of 
kortademigheid gebruiken bijna al lemaal medicijnen. Deze medicatie wordt met 
name gebru ikt voor kinderen met astma en bestaat uit luchtwegverwijders en 
inha latiecorticostero"iden .  Bij prematuren kan een nauwere luchtweg veroorzaakt 
worden door verschi l lende oorzaken zoals een ontstekingsreactie en/ of een infectie 
(hetgeen vaak gepaard gaat met toegenomen slijmproduktie, zwell ing van de 
luchtwegen door oedeem en verkramping van de spieren random de luchtwegen), 
maar ook door een in  aanleg kleine luchtwegdiameter. Het gebru ik van "astma" 
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medicatie kan zowel een gunstig als een ongunstig effect hebben . Voora lsnog 
zijn geen betere alternatieven voor de behandeling van de luchtwegklachten 
beschikbaar. In de toekomst zouden studies moeten worden u itgevoerd om de 
effectiviteit van "astma" medicatie bij deze groep kinderen te bestuderen.  
Het longfunctieonderzoek l iet bij kinderen met BPD een toegenomen 
resonantiefrequentie en een afgenomen reactantie zien in vergelijking met kinderen 
zonder BPD. Dit zou het gevolg kunnen zijn van een toegenomen stugheid van 
de luchtwegen en/of het omringende weefsel .  De weerstand van de luchtwegen 
verschi lde n iet tussen deze groepen, maar de weerstand van de prematurengroep 
als geheel was wei hoger dan van n iet-prematuur  geboren kinderen .  Dit zou het 
gevolg kunnen zijn van in aan leg kleinere luchtwegen bij prematuur geboren 
kinderen .  
In hoofdstuk 6 wordt een stu d ie beschreven die werd uitgevoerd als onderdeel van 
het zogenaamde "Project Onderzoek Prematuritas en Small-for-Gestational age" 
(POPS)-onderzoek.  In een landel ijk, prospectief, long itud inaal onderzoek werden 
vanaf 1983 gegevens verzameld van 1338 kinderen die geboren waren na een 
zwangerschapsduur van minder dan 32 weken en/of een geboortegewicht hadden 
van minder dan 1500 gram. De geTncludeerde kinderen vertegenwoordigden 
94% van de doelgroep. Kinderartsen verzamelden gedurende de perinata le 
fase gegevens en verrichtten fol low-up onderzoeken tot de leeftijd van 2 jaar. 
Hierna werd een groat gedeelte van de nog levende kinderen op 5 jarige leeftijd 
gezien en een wat een kleiner aantal werd oak op 14 jarige leeftijd opgeroepen . 
Omdat in 2002 het cohort "volwassen" zou worden, leek het een goed idee om 
deelnemers te vragen of ze wilden meewerken aan een onderzoek om te kijken 
hoe het de deelnemers op 19-jarige leeftijd was vergaan .  De studie in hoofdstuk 
zes beschrijft hun klachten en symptomen op het gebied van luchtwegen, al lergie 
en inspanning.  
690 deelnemers van 19 jaar (72%) waren bereid mee te werken en vu lden 
vragenl ijsten in. Er was gekozen voor een vragen l ijst die op grote schaal gebruikt 
was, onder andere voor het "Europees Luchtweg Onderzoek" waardoor bekend 
was hoe een "normale bevolking" op deze vragenlijsten scoort. Een derde van 
de deelnemers gaf aan luchtwegklachten te hebben . De diagnose "astma" in de 
prematuren groep werd vaker gesteld dan bij controlepersonen in de normale 
bevolking. Prematuren hadden minder vaak last van al lergie en eczeem. 
Opval lend was dat de vrouwelijke deelnemers meer klachten rapporteerden dan de 
mannelijke deelnemers .  Vooral op het gebied van inspanningsklachten gaven ze 
- in tegenstel l ing tot de mannen - meer problematiek aan dan de controles. Ook 
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onder de deelneemsters met BPD werden opval lend meer klachten gerapporteerd 
dan bij de mannelijke deelnemers. Dit is met name bijzonder omdat BPD vaker 
voorkomt bij jongens dan bij meisjes en omdat in  de eerste levensjaren, jongens 
meer klachten hebben dan meisjes. Daarbij moet wei worden opgemerkt dat 
hetzelfde fenomeen zich voordoet in  de "gewone bevolking": jongens hebben meer 
astma-achtige klachten dan meisjes, maar na de puberteit draait de verhouding 
zich om en hebben jonge vrouwen meer luchtwegproblematiek dan jonge mannen. 
Dit zou te maken kunnen hebben met een onevenredige groei van de luchtwegen. 
Jongens hebben de eerste levensjaren relatief kleine luchtwegen met daaromheen 
veel longblaasjes. Meisjes hebben wat grotere luchtwegen en minder longblaasjes. 
Bij de groei tijdens de puberteit neemt het volume in de borstholte van jongens 
relatief meer toe dan bij meisjes. Hetzelfde fenomeen zou kunnen plaatsvinden 
bij prematuren.  Een andere oorzaak voor een hogere preva lentie van klachten 
bij meisjes die in  de l iteratuur  wordt gesuggereerd is dat meisjes een andere 
symptoomperceptie hebben dan jongens. 
Hoofdstuk 7 is gewijd aan u itgebreide longfunctieonderzoeken die werden 
verricht bij een beperkt aanta l deelnemers (n=42) van het POPS-onderzoek. De 
deelnemers u it Noord-Nederland werd gevraagd of ze bereid waren een aanta l 
longfunctieonderzoeken te ondergaan .  Op deze manier werd gekeken naar de 
longcapaciteit, de mate van luchtwegobstructie, de gaswisseling (d iffusie) en naar 
de inspanningscapaciteit. Over de fol low-up op de volwassen leeftijd was slechts 
beperkte informatie uit eerder onderzoek beschikbaar. Northway (de eerste 
auteur die BPD ooit beschreef) beschrijft de fol low-up van een groep volwassen 
met BPD en geeft daarbij aan dat een groot deel van de patienten "obstructieve" 
klachten heeft (zoals piepen) al dan n iet gepaard gaande met tekenen van 
"hyperreactiviteit" van de luchtwegen bij longfunctieonderzoek en bl ijvende 
afwijkingen op de thoraxfoto . 
Bij de POPS-deelnemers werd een geringe mate van luchtwegobstructie en een 
verminderde diffusiecapaciteit vastgesteld .  Daarnaast konden de POPS-deelnemers 
zich minder goed inspannen dan gezonde leeftijdgenoten .  Ze werden sneller 
"zuur" en de maximale belasting waartegen ze konden fietsen was lager. De totale 
longcapaciteit en maximale zuurstofopnamecapaciteit l ieten geen verschi l len 
zien . Het n iveauverschi l  op het inspann ingsgebied kon dus niet verklaard worden 
door een ademhalingsbeperking. De ex-premature jong volwassenen gaven 
wei aan minder aan sport te doen dan de leeftijdsgenoten, dus wellicht dat een 
verminderde fysieke fitheid de verklaring is voor de geringere prestaties. We 
zagen geen verschil tussen deelnemers met of zonder BPD. 
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Concluderend Iaten de studies in dit proefschrift zien dat een deel van de te vroeg 
geboren kinderen (met of zonder BPD) klachten en beperkingen bl ijft houden 
wanneer zij opgroeien en de volwassen leeftijd bereiken .  Hoewel inmiddels een 
aanta l goede studies is uitgevoerd naar preventieve maatregelen ter voorkoming 
van BPD en naar therapieen om het prematuren in de eerste fase van het Ieven 
zo gemakkelijk mogelijk te maken, ontbreken studies naar effectiviteit van 
medicatie tijdens de kleuterleeftijd voor deze groep. Om zorgvuldig onderzoek 
te kunnen opzetten is samenwerking gewenst. Het oprichten van een werkgroep 
samengesteld u it kinderartsen die te vroeg geboren kinderen begeleiden zou een 
eerste stap zijn om relevante onderzoeksvragen te formuleren en onderzoek op 
dit gebied te coordineren. Het is nag onbekend hoe de groep ex-prematuren zich 
zal ontwikkelen wanneer ze de middelbare leeftijd bereiken - wel l icht ontstaat een 
"nieuwe" groep patienten met chronisch obstructieve klachten. Onze verwachting 
is dat in de toekomst zowel huisartsen als longartsen met deze nieuwe groep 
patienten te maken zullen krijgen. Denkbaar is ook dat patienten momenteel 
reeds onder behandeling zijn echter zonder dat de oorzaken worden onderkend . 
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American Thoracic Society 
regression coefficient 




Chronic Lung Disease 
continuous positive airways pressure 
d iffusing capacity 
diffusing capacity (single breath : corrected for hemo 
globin) 
European Community Respiratory Health Survey 
European Respiratory Society 
Environmental tobacco smoke 
frequency dependence of respiratory resistance 6-24 
(the mean slope of Rrs versus frequency curve 
calculated over the 4-26 Hz frequency spectrum) 
forced expiratory flow after 25-50-75 % of VC expired 
forced expiratory volume in 1 second 
forced osci l lation technique 
resonance frequency 
forced vital capacity 
gestational age 
gastro-esophageal reflux 
specific airway conductance corrected for lung volume; 
Hemoglobin 
high-frequency jet ventilation 
high-frequency osci l latory venti lation 
Herz 
device for FOT 
inhaled corticosteroids 
insu l in- l ike growth factor I 
interleukin 
inhaled Nitric Oxide 
intermittent positive pressure venti lation 
transfer factor for carbon monoxide/ alveolar volume 
kilo Pascal/ l iter/ second 
natural logaritme 
National Institute of Child Health and Human Develop 
ment 
neonata l intensive care unit 
pressure at a irway opening 
patent ductus arteriosus 
peak expiratory flow 
pediatric intensive care unit 
post menstrual age 
Project on Preterm and Smal l  for Gestational Age Infants 
airway resistance 
respiratory distress syndrome . . 
Respiratory Exchange Ratio max= VCOzfV02 
Rint interrupter respiratory resistance technique, interruption 
























resistance of the a irways measured by interrupter 
technique 
retinopathy of prematurity 
resistance of the respiratory system 
resistance measured at osci l lation frequency of 6 Hz 
Respiratory Syncytia l  Virus 
residual volume; 
standard deviation 
sudden infant death syndrome 
synchronized intermittent mandatory venti lation 
superoxide d ismutase 
total lung capacity 
total lung capacity measured with bodybox method 
thoracic gas volume 
transfer factor for carbon monoxide (single breath : 
corrected for Hb) 
volume 
flow 
minute venti lation 
vascu lar endothelial growth factor 
maximal flow at functional residual capacity 
tidal  volume 
(peak) oxygen consumption 
Oxygen uptake- work rate relationship 
Watt 
reactance of the respiratory system 
Heart ratemax(%pred) Maximal heart rate as percentage predicted : 
maximal heart rate 
xlOO%. 
predicted maximal heart rate 
Predicted maximum heart rate (beats/min) : 220 - age (years) 
Heart rate reserve (%) : 
predicted maximum heart rate -heart rate at maximum exercise 
X 100% 
maximum heart rate 
predicted maximum VE: 37.5 x FEV1 Ventilatory reserve or breathing reserve : 
Pred icted maximum VE- maximum VE during exercise 
predicted maximum VE 
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dankzeggen. Kl in isch onderzoek doen is a i leen mogelijk wanneer patienten en soms 
oak gezonde vrijwil l igers wil len meewerken.  Het enthousiasme van niet a i leen de 
kinderen, maar oak van de jong volwassenen en de ouders van deelnemers was 
groat, hetgeen het u itvoeren van de testen vaak tot een vrolijke gebeurtenis 
maakte. 
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en je grate "schrijfervaring" hebben er zeker toe bijgedragen dat dit boekje nu af 
is. Heel hartel ijk  dank voor al  je vlotte en zorgvuldige adviezen ! 
Drs.  B .L. Rattier, beste Bart, je bent ad rem, humoristisch en colleg iaal, hetgeen 
ijzersterke eigenschappen zijn,  die het bijzonder plezierig maken om met je 
samen te werken.  In de loop van de jaren ben je heel wat keren ingesprongen 
wanneer ik  weer "even moest meten". Heel hartelijk dank daarvoor. Als ik  nu moet 
gaan waarnemen moet je het maar zeggen !  Drs .  M .  Brouwer, beste Marianne, je 
hebt een bijzonder heldere bl ik op complexe situaties, wat me geholpen heeft 
wanneer ik  ergens over aan het dubben was. Ik vind het erg jammer dat je ons 
gaat verlaten, maar ik  hoop oak in de toekomst op een vruchtbare samenwerking 
op kinderlong(functie) gebied zodat we elkaar toch nog regelmatig zullen zien en 
spreken ! Dr. G .H .  Koppelman, beste Gerard, het was missch ien even wennen in  
je nieuwe rol ,  maar langzaam maar zeker ben je helemaal ingeburgerd binnen 
de kinderlongziekten .  Ik  wil graag erkennen dat je enthousiasme voor onderzoek 
mij inspireert. Wie weet kunnen we een leuk genetisch BPD project bedenken om 
onze krachten te koppelen ! Prof. dr. A. E.J . Dubois, beste Ewoud, ik  heb het erg 
gewaardeerd dat je bereid was versch i l lende teksten onder de Engelse loep te 
houden . Bedankt !  
Dear professor Alan Jobe, thank you for participating in  the review committee of 
this thesis and for your stimulating comments ! Prof dr. W. M.C .  van Aalderen en 
prof dr. P.J . J .  Sauer, beste Wim en Pieter, hartelijk dank voor de bereidheid d it 
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proefschrift te beoordelen en voor de welgemeende waardevolle adviezen.  
Dr. H . M . Boezen, beste Mari ke, je hebt veel tijd en moeite besteed aan het 
geven van "statistisch advies" voor al  het onderzoek in dit proefschrift. Zelfs 
in je vakantie!  Graag wil ik je daarvoor dankzeggen. Ik hoop dat ik oak in de 
toekomst weer bij je mag aankloppen!  El isabeth Kooi en Margreet Oele, het was 
een leuke tijd toen we aan het meten waren op "de Ekkel", "de Eshoek", "BSO 
Schi lderswijk" en "de Stinzenvinkjes". Dank voor ju l l ie inzet! Rene Grevink, dank 
voor je zorgvu ldige weloverwogen u itleg ten aanzien van longfunctietesten, in  
het bijzonder de inspanningstesten .  Lil ly van Doormaal, dank voor je hu lp bij het 
rekruteren van patienten. De enkele keer dat je verhinderd was, waren ouders 
van sommige kinderen oprecht teleurgesteld dat ze je niet even konden spreken, 
waaru it blijkt hoe zij je waarderen. 
De kinderartsen van de Beatrix kinderkl iniek, vormen een eenheid in  
verscheidenheid . Vele col lega's hebben in de afgelopen jaren blijk  gegeven van 
hun warme belangstel l ing voor dit project. Dank voor a i le interesse! Een aanta l 
van hen wil ik graag bij name noemen : Karin van Dael, Klasien Bergman en Jorien 
Kerstjens, dank voor ju l l ie steun en de contacten n iet ai leen in  de kliniek maar 
oak daarbuiten ! 
Francjan van Spronsen, kamergenoot van bijna het eerste uur :  ik zal je missen 
wanneer we naar onze nieuwe kamers gaan verhuizen .  Vaak zitten we min of meer 
zwijgend uren naast e lkaar te werken en vergeten de thee, maar als er wat is weet 
ik dat ik je altijd mag storen en dat is vanzelfsprekend wederzijds! Carin Dassel, 
Jeroen van Lobenstein, Claudie Oude Nijhu is, Leonie Pierik, Rene Scheenstra en 
Nathal ie de Vries, ik  zou n iet durven de "Enschede club" ongenoemd te Iaten : 
zowel destijds in Enschede als in Groningen hebben we veel plezier gehad in en 
na het werk . Deze met regelmaat terugkerende contacten leiden tot i nformatie 
en inspiratie !  
Helma Oosterom, Jan Bouwman, Aly van der Laan- Boers, hartelijk dank voor a i le 
metingen die ju l l ie tijdens de versch i l lende onderzoeken voor me hebben wil len 
uitvoeren!  
Zander geld is er geen onderzoek mogelijk.  De stichting Astmabestrijding en de 
Beatrix Kinderkl iniek hebben de projecten gefinancierd waarvoor mijn dank groat 
is .  
GRIAC-ers, of het nu gaat om de opzet van een onderzoek, de bespreking van 
de resultaten of om het oefenen van praatjes cq het beoordelen van abstracts of 
posters, jul l ie zijn steeds een kritisch maar bereidwil l ig forum .  Hartelijk dank voor 
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ta lrijke waardevolle opmerkingen. 
Peter van der Sijde, hartelijk dank voor je inspanningen om de lay-out zo optimaal 
mogelijk te krijgen . 
Hi lde Alkema, Janette Tienkamp, Aafke Teuben, Jackel ine van Gelder en Christine 
van Baak, hartelijk dank voor jul l ie belangstel l ing en de bereidheid te helpen met 
briefjes/ etiketten en al lerhande andere "klussen". 
Mariel le Pijnenburg, jij hebt 21 juni van dit jaar het goede voorbeeld gegeven ! 
Als reserve-nymf was ik uitermate trots op je prestatie. De afgelopen jaren heb 
ik  genoten van onze contacten- het is heel gezel l ig om samen met jou naar een 
cursus of congres te gaan want je bent heerlijk spontaan en hartel ijk .  Geja van 
Goor en Annemarie Schot, vriendinnen vanuit de col legebanken - al bijna 20 jaar 
delen we l ief en leed. Wanneer er hard gewerkt is, mag er ontspannen worden ! 
Dank voor a i le gezel l igheid, oprechte adviezen en fijne, mooie vakanties! Geja, 
ik  verheug me nu al  op onze volgende reis straks in november, na de promotie. 
Annemarie, ik weet zeker dat Antartica op ons blijft wachten !  Sandra Hartgers, 
Phi l ippe Peerboom en Meike van Voorst, jul l ie fungeren regelmatig als een soort 
(humoristisch) klankbord ; bedankt voor a i le bemoedigende en relativerende 
woorden ! 
Rienus Doedens en Patrick Vrijlandt, fijn dat ju l l ie paranymfen wil len zij n !  Rienus 
bedankt voor de manier waarop je meedenkt, reflecteert en filosofeert met d ie 
broodnodige vrolijke noot ! Patrick, a l  vanaf mijn geboorte heb je de taak  gekregen 
om toezicht op mij te houden en je houdt het trouw val. Samen met Frederike en 
natuurlijk oak Bram, Wil lemijn en Joris vorm je een gezell ig en gastvrij steunpunt. 
Het is een bijzonder vertrouwd gevoel dat ik  je op deze dag naast me weet. 
Last but not least.. . 
Mama en Papa, heerlijk dat jul l ie op deze dag er bij kunnen zijn .  Ju l l ie zijn me 
bijzonder d ierbaar en ik wil ju l l ie graag bedanken voor a i le steun op zo veel 
versch i l lende fronten. Mama, heerlijk dat juristen zo precies zijn .  Wanneer jij data 
had ingevoerd kon ik slechts zelden een vergissing ontdekken.  Papa, economische 
aspecten kwamen in dit proefschrift niet aan de orde, maar een tekstje bekijken . . .  
Ben jij de volgende in onze famil ie? Ik hoop dat ik  nag lang gebruik (en soms 
misbruik) mag maken van jul l ie goedhartigheid ! 
Groningen, 2006 
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